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ABSTRACT 


Ten polymer coatings were evaluated for the long tern 
promotion of dropwise condensation of steam. Four of the 
coatings were experimental coatings developed by the Naval 
Research Laboratory and siz were commercial coatings. 
Continuous dropwise condensation in excess of 10,000 hours 
was oktained for several of the coatings that were applied 
to rough surfaces. 

Three commercial coatings, in addition to an NRL fluo- 
roacrylic coating, were evaluated for heat-transfer perforn- 
ance. The effects of roughness, substrate thermal 
conductivity, coating thickness, and vapor velocity on the 
heat-transfer coefficient were studied for dropwise conden- 
Sation of steam on a horizontal tube. Dropwise heat~transfer 
coefficients were also determined for steam condensing on 
silver-electroplated tubes, in order to compare the results 
with those from the polymer-ccated tubes. Heat-transfer 
coefficient enhancement factors of as much as 10-12 were 
obtained for dropwise condensation when compared to filmwise 


results. 
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I. INTRODUCTION 


A. BACKGROUND INFORMATION 


Despite remarkable technological advancements that have 
been achieved in almeost every engineering field, very few 
improvements have been made if marine condenser designs. 
With increased operationS in warm water areas, improved 
condenser performance 1S very inportant for the U. S. Navy 
to Maintain efficient operation of both marine propulsion 
and distilling plants. Significant reductions in size and 
weight of condensers are also inthe Navy's interest to 
accommcdate modern weapon systems without loss of ship 
Stability or speed. 

All condensers, on board ships as well as in commercial 
power plants, currently utilize the filmwise mode of conden- 
Sat Lon. During film condensation, a sizable resistance to 
heat transfer occurs on the vapor side because of the 
continuous layer of liguid that forms onthe condensing 
surface. Many investigators have shown that the filmwise 
heat-transfer coefficient can re improved by a factor o£ 
twenty or more uSing dropwise ccndensation. This can give up 
to fifty-percent improvement in the overall heat-transtfer 
coefficient. An analysis by Search [Ref. 1] showed that a 
twenty percent reduction in weight, and a twenty five 
percent reduction in volume could be obtained by promoting 
dropwise condensation on plain copper-nickel tubes in marine 
condensers operating at low pressures. 

The majority of previous research has been directed 
toward the understanding of the microscopic mechanisms of 
dropwise condensation, along with experimental heat-transfer 


measurements. Many fromoters have been identified; however, 
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only a few are able to endure greater than 3000 hours of 
continuous dropwise condensation. Before the benefits of 
dropwise condensation can be fully utilized for industrial 
and marine condensers, methods for applying permanent hydro- 
phobic coatings must be found. Although a permanent coating 
would be ideal, coatings prcmoting continuous dropwise 
condensation in excess of four reves weculd be satisfactory 
for most applications. Coatings could then be refurbished 


during major maintenance periods. 


B. DESCRIPTION OF THE DROPWISE CONDENSATION PROCESS 


Dropwise condensation iS a non-steady, non-uniforn 
process where semi-spherical liquid droplets form when a 
vapor comes in contact with a colder, honmewet tang (1. es, 
hydrophobic) surface. The combination of small drop size 
and rapid drop removal greatly reduces the dropwise heat- 
transfer resistance compared tec that of a continuos lijuid 
aoe Mh Figure 1.1 compares the two condensation modes for 


horizontal tubes. 
1. Drop Nucleation and Growth 


The theory that drops are formed by direct condensa- 
tion on nucleation sites is well supported by the works of 
Umur and SCiitratne {| R6isma2 |, McCormick and Westwater 
[Ref. 3], and Reisbig [Ref. 4]. Nucleation sites consist of 
pits, scratches, and irregularities due to the inherent 
roughness of the condensing surface. Grahan [Ref. 5] 
suggests that droplet growth is through a series of tran- 
Sition stages. Initially, a nucleated drop grows rapidly by 
direct condensation. Once drops grow big enough, perhaps 
covering half the distance between two nucleation sites, the 
drops begin to grow both by condensation and coalescence. 


These drops are in the "active" growth stage. As the drops 


Ae 


get larger, vapor condensation decreases and drop coales- 
cence becomes the primary growth mechanism. These drors are 
in the "inactive" growth stage. Once a critical drop size is 
reached, where gravity and vapor-sShear forceS overcome 
surface-tension and frictional forces, the drop departs. The 
departing drop sweeps the surface clean of all drops in its 
path. Both drop coalescence and drop-Sweeping effects expose 
bare surface to further nucleation. 

Throughout the drop growth cycle, heat transfer is 
undergoing a tranSient process. Experimental results of 
Graham and Griffith [Ref. 6] show that about 90 % of the 
heat transfer occurs through active drop areasS Covering only 
30 &® of the condensing surface. Tanasawa and Ochiai 
[Ref. 7], and Tanaka [{Ref. 8] Lound similar results. Almost 
60 % of the condensing surface is covered by inactive drops. 
The remaining 10 % of the surface is bare with no condensa- 
tion taking place. Active drop diameters range from 0.01-150 
micrometers. Once drops grow greater than 150 micrometers in 
diameter, very little heat transfer occurs across the drop. 
A large conduction resistance exists and condensation on the 


inactive drop surface nearly stcps. 
2- Drop Contact Angle 


The gqguality of dropwise condensation is best defined 
in terms of the contact angle between the liquid drop and 
the solid condensing surface. Zisman [{Ref. 9] gives a 
detailed Summary of previous works related to contact angle. 
Contact angle is defined in terms of three interfacial 
surface tension forces acting between the vapor, liguid, and 
solid phase boundaries. The orientation of surface-tension 
forces with contact angle 6, is shown in Figure ee 
[ Ret. 9). 
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For eguilibriuno, 


Voy reas {iy "cos (9) toga aw) 

where, ‘sv , ‘sl , Riese meatemrtMewsnrtdace tensions at athe 
Peed Vvapol, SOlldg-lmequid, and liquid-vapor interfaces. When 
the contact angle 6 ecuals zero dejrees, the surface will be 
completely wetted by the liquid. Surfaces which give 
contact angles with water of ninety degrees or greater are 
ideal for dropwise condensation. These surfaces are classi- 
fied as non-wetting of hydrophobic. Zisman and his 
co-workers found that a linear relationship exists between 


the coSine of the contact angle and the surface tension at 


omer tiguid-vapor interface. iMey erred. the  Critrcal 
sucface tension, Yo, as the extrapolated value at which 
cos 6 = 1, where the solid surface 1s completely wetted by 


the liguid. The surface tension of a solid is more commonly 
known as the surface free energy. 

The lower the surface free energy of a solid, 
compared to the critical surface tension of a liguid, the 
more hydrophobic the surface will be towards that liguid. 
Water has a liquid-vafor surface tension of 72 dynes/cmn, at 
25 degrees C. 

Since metals have hiyh surface eneryles, they are 
Naturally wetted by water. ineeeomaer to produce drorwise 


condensation, fromoters having low surface energies such as 


polymers and organic compounds pust be used. Dabwie yet rOn 
Zisman {Ref. 9], (Ines GEitical suchace tensions for low 
energy surfaces. The surface constituents listed form the 


repeating groups for polymers cr the most remote groups in 
organic monomer layers. Associated polymers are also listed. 
Zisman gave several significant conclusions based on 


experimental results. An understanding of these ideas is 
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essential in obtaining a permanent hydrophobic coating. 
First, the close-packing of tonomer groups on a SuUridgee 
determines the hydrophobicity of a surface. The more close- 
packed the groups are, the greater the hydrophobicity of the 
Surface. Second, groups containing fluorine atoms are the 
most hydrophobic. Hydrophobicity can be improved by packammgs 
more fluorine in the surface groups. Surfaces weit 
perfluoromethyl grouprs (-CF3-) have the lowest surface ener- 
gies known. Figure 1.3, from [Ref. 9], shows how replacement 
of hydrogen atoms with fluorine and chlorine atoms changes 
the critical surface tension. 

One other important note is how surface roughness 
azfects. contact angle: "True" surface contact angles are 
determined using clean polished metal surfaces. If the 
"Merue" contact angle is less than ninety degrees, then the 
observed contact angle on a roughened surface will be less 
than the "true" contact angle. Surfaces with "true" contact 
angles greater than ninety degrees will have greater angles 


On Lough Suptaces, 


C. FACTORS INFLUENCING DROPWISE CONDENSATION HEAT TRANSFER 


Some of the most important factors that affect the drop- 
wise heat-transfer coefficient cf steam include: 1) thermal 
conductivity of condensing surface, 2) non-condensing gases, 
3) steam saturation pressure and vapor velocity, and 4) 
properties of the promoter. fFromoter properties will be 
discussed later. 

The effect oof condensing surface thermal conductivity 
has still not been completely resolved. Hanneman and Mikic 
[Ref. 10] proposed the theory that a thermal constriction 
resistance exists inthe solid surface due to the non- 


uniformity of drop Size andespacingn 
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Aksan and Rose [Ref. 11] suggested that rapid coalescence 
between drops could lead to a uniform surface temperature. 
Therefore, the constriction resistance would be small. Data 
are available to support both of these proposed models. 
Inconsistencies were believed to be due to temperature meas- 
urement errors, the presence cf non-condensing gases, or 
promoter effectiveness. 

Later, work by Rose [Ref. 12] and Stylianou and Rose 
[Ref. 13], showed little depencence of the dropwise heat- 
transfer coefficient on substrate thermal conductivity. 
Rose's work showed that the promoter effectiveness varied 
Significantly with condenser material. The chemical promoter 
which he used gave excellent drcepwise condensation cn copper 
and brass tubes, but mixed ccendensation on aluminum and 
stainless steel tubes. When the aluminum and stainless-steel 
tubes were copper plated, they had the same cropwise guality 
as the plain copper tube. This agrees with Zisman's theories 
on the relation between surface properties and wettability, 
discussed earlier. Copper is one of the most reactive 
metals and would tend to adscrb a nydrophobic monolayer 
better than stainless-steel or aluminun. 

Hanneman [Ref. 14] presented a model for constriction 
resistance and noted that it cculd be significant for very 
thin, low thermal conductivity surfaces. Recently, Waas et 
aul. [Ref. 15] reported results for steam condensing on 
gold-plated copper, aluminun, brass, bronze, and stainless- 
steel surfaces. A definite decrease in dropwise heat- 
transfer coefficient was shown with decreasing thermal 
conductivity. It was also noted that surface thermal conduc- 
tivity was controlling the constriction resistance and not 


thermal diffusivity. 
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Non-condensing gas problems have practically been elimi- 
hated in recent experiments. This is a very important step 
in obtaining accurate data since even small amounts of n Of 
condensing gases can cause a drastic reduction in neat 
transfer. 

Graham {Ref. 5] showed an increase in dropwise heat-. 
transfer coefficient with increasing pressure for pressures 
above atmospheric. Brown and Themas [Ref. 16] showed similar 
results for pressures below atmcspheric. 

Increasing vapor velocity causeS an increase in the 
dropwise heat-transfer coefficient. Increased vapor-Shear 
forces remove the drops at a smaller critical diameter which 
reduces the drop conduction resistance. Graham [Ref. 5] 
showed that an upper limit of 1.66 m/s exists, above which 
there is little effect. 


De PROMOTION OF DROPWISE CONDENSATION 


Dropwise condensation can be promoted on high energy 
metal surfaces by coating them with an organic substance 
that has a low critical surface tension, preferably less 
than 35 dynes/fcn. This surface can be produced with organic 


chemical promoters, noble metals or polymer coatings. 


1. Chemical Promoters 


Hydrophobic monolayers of organic compounds can be 
applied to condenser surfaces directly or by continuous 
injection into the steam. Blackman, Dewar, and Hampson 
[Ref. 17] tested many hydrocarbon compounds, using both 
methods of applicaticn. 

in order for an organic compound to be a suitable 
pronoter, anchoring groups ccntaining sulphur (S05 ,SH), 
selenium (Se), amines (NHa), hydroxyl (-OH), or CarEboxuym 


(COOH) molecules were reyuired. Anchoring groups adsorb onto 
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the metal surface, leaving the hydrophobic groups (see Table 
T) on the exposed surface. Ideal dropwise condensation was 
obtained by many investigators, but with only limited endur- 
ance. Coatings applied by the direct method generally 
lasted only a few hundred hours. However, some researchers 
promoted good dropwise condensation that lasted up to 3000 
hours. By using continuous injections, continuous dropwise 
conditions have been obtained in excess of one year. However 
ma this situation, the effect of promoter accumulaticn on 
plant chemistry is a serious prcblen. 

Practically, all chemical promoters used previously 
were hydrocarbons. Since fluorccarbons are nore hydrophobic 
than hydrocarbons, perhaps more research using fluorinated 
chemical promoters is warranted. iimeaect os cisman ij Ret. 9 | 
Showed that the most hydrophobic monolayer known was 
obtained using perfluorolauric acid, which has a critical 


Surface tension of only 6 dynes/scn. 


2. Noble Metals 


iat 969, Bernett and Zisman [Ref. 18] showed that 
pure water spontanecusly wets noble metals which are 
completely free of organic or cxide contaminants. However, 
noble netals are known to be excellent dropwise promoters 
because they readily adsorb crganic impurities from _ the 
environment. Erb and Thelen [Ref. 19] obtained excelient 
dropwise condensation on electroplated gold, Silver, 
rhodium, falladium, and platinum surfaces. Almost 11,000 
hours of continuous dropwise ccndensation were obtained on 
the gold, rhodium, and palladium surfaces. 

Woodruff and Westwater [Ref. 20] showed that, using 
gold, a minimum thickness cf 0.1-0.2 micrometers was 
reguired to obtain ideai dropwise condensation of steam on 
electroplated surfaces. Recently, O'Neill and Westwater 


[Ref. 21] reported that, uSing electroplated siiver, a 
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0.3 micremeter thickness gave the longest lifetime for 
continuous dropwise condensation of steam. An auger elec- 
tron spectroscopy method was used to analyze the surface 
chemistry, and they found high concentrations of carbon 
atoms present. Special precautions were taken to prevent 
organic contamination; however, it was reported that unknown 
trace organics were present based on the carbon concentra- 
tions. No conclusions as to where the organics came from was 
given, except that the condensing water and gases, such as 
carbon dioxide or carbon monoxide, were eliminated as 
sources. One possible source could have been the electro- 
plating baths. Most baths ccntain cyanide, a carbon- 
hitrogen ion, and other Organic complexing additions 
[Ref. 22], such as salts of organic hydroxy acids or amines. 
These are used primarily as “brighteners". 

Since noble metals offer very little heat-transfer 
resistance and are durable, they might make good permanent 
promoters. Palladium would seem to be the best since 11,000 
hours of continuous dropwise condensation was reported 
[Ref. 19], and it is the least costly of the noble metals 


with the exception cf silver. 


3. Polymer Coatings 


With continued advancements in thin-film technology, 
polymer coatings are improving as permanent dropwise 
promoters. Although there are numerous polymers available, 
only a few can be applied as hydrophobic ultra=ciag 
coatings. 

There are several impcrtant factors that must be 
considered in choosing an appropriate polymer coating for 
dropwise condensation. First, these coatings must be very 
thin. In order to obtain significant heat-transfer improve- 
ments, coating thickness must be 5 pm or less. This is 


because of the very low thermal conductivity of polymers. 
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eoaqtings ) must also be able tc withstand temperatures “in 
excess of 100 °C for prolonged periods of time. Brydson 
[Ref. 24%] classified the following as heat-resistant poly- 
mers: 1) fluoropolymers, 2) inorganic polymers, primarily 
ones containing main-chain silicon atoms, 3) cross-linked 
organic polymers, 4) polymers containing p-phenylene groups 
and other ring structures such as Union Carbide's parylene 
series, 5) ladder and spiral polymers, and 6) co-ordination 
Melymers. Brydson noted that there has been little success 
in producing adequate inorganic, ladder, Sorral, and 
co-ordination polymers. 


Moisture resistance is ScsenplaiwerOr er rOCcELye 


polymer coating adhesion. BOER Fish [Ref. 25] and 
Schuessler [Ref. 26] stress that no polymer coating is 
completeiy moisture resistant. aes 1S Owing eto the 
"Spaghetti" like nature of polymer carbon chains. Water 


molecules can diffuse through polymer coatings causing 
oxidation of metal substrates. In addition, all polymers 
absorb water which causes them to swell. The combination oF 
substrate oxidation and coating swell is the primary break- 
down mechanism for coating adhesion. Coatings can be 
compared for their ability to resist moisture, by their 
water transmission rate (WVTR or MTVR) and by their absorp- 
tivity. Sometimes, permeability is used instead of WVTR. 
Fluoropolymers have the lowest values of WVTR and moisture 
absorptivity. Fish [Ref. 25] lists polytetrafluoroethylene 
and vinylidene chloride as having the best water resistance 
With a WVTR of 0.005 weight percent per hour. 

Another important coating property is its thermal 
expansion coefficient. Polymers can be divided into two 
classes: thermoplastics and thermosetting polymers. 
Thermoplastics can soften or melt at elevated temperatures 
and have relatively high thermal expansion coefficients. 


Although they are not soluble in water, thermoplastics can 


PLS, 


be dissolved with other compounds such as freon 
Thermosetting polymers are completely insoluble because of 
cross-linking between Ene Garbon Chainer. They are stronger 
than thermoplastics, Dut also tend to pe brittle, having 
much lower thermal expansion coefrficients. 

Coating adhesion is the most difficult problem to 
overcome in developing a good dropwise coating. Gaynes 
[Ref. 27] discusses many aspects of organic coating adhe- 
Sion and compares different testing methods. Allott tite 
factors discussed above contriktute to a coating's adhesive 
dura bali tye Gaynes points out that both molecular and 
mechanical forces are involved. Molecular forces include van 
der Waals and London forces, metallic bonding, hydrogen 
bonding, and electrostatic e¢ffects Such aS polarity. 
Increased polarity can improve adhesion but can decrease 
durability of the coating- Mecnanical forces include 
internal stresses in the coating, thermal stresses at the 
coating-metal interface, and mechanical interlocking between 
coating and metal at the interface. Internal stresses are 
developed from either shrinkage or swelling, owing to mois- 
ture abksorption, during and after coating applications 
Mechanical interlocking depends on the wettability and 
roughness of the substrate surface. During application, a 
coating that wets the surface will tend to £111 “Grache 
Dees, and valleys creating Jess voids. Holden et al. 
{Ref. 28], after testing fourteen polymer coatings exposed 
to steam at atmospheric pressure, conciuded that roughness 


was essential for coating durakility. 


Refined application teéchnigues are required to 
improve coating adhesion. Fish fRef. 25] summarized 
different coating technigues available. The eaSiest and 


least-expensive methcd for applying thermoplastics is by 
dissolving the polymer into a solution and applying it by 


brushing, dipping, spinning, or spraying. The thickness of 
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the coating will depend on how thin the solution is and how 
well it wets the substrate. The solvent is then evaporated, 
leaving a polymer coating on the surface. The temperature 
used for evaporation of the solvent can be important. 

Thermoplastics that cannot be dissolved into a solu- 
tion have to be heated to the molten state, and then applied 
under pressure. A fluidized-bed coating 1S a similar 
method, where a hot substrate is immersed into a chamber of 
powdered polymer that is circulated with air. Coatings 
applied using these melt processes tend to be thicker and 
develop voids at the polymer-metal interface, making them 
inadeguate for steam condensaticn. 

Thermosetting polymers have to be applied as a resin 
with a curing agent. Polymerization and crosslinking occur 
after application. Curing rate and temperature must be 
controlled. 

Several new techniques have been developed which are 
complex and expensive. The mcst successful are the glow 
discharge (plasma) polymerization and sputtering processes. 
An ion-beam sputtering process was developed by NASA Lewis 
Research Center [Ref. 29] for deposition of fluoropolymers, 
Suen aS PTFE, FEP, CIFE, and PFA. A fluoropolymer target is 
placed in a vacuum chamber with an inert gas. The target is 
excited using an RF pewer supply, becoming a cathode elec- 
tron emitter. The inert gas gets ionized and the ions 
bombard the target with sufficient force to dislodge polyner 
molecules. These molecules then imbed themselves into the 
substrate. The process can only be used for line-of-sight 
coating, which is not suitable for condenser tubes unless 
the tubes were rotated during the application process. 

The glow discharge process can produce coatings with 
most of the desired characteristics needed for dropwise 
condensation. This process uses a gaseous electric 


discharge, called a glow discharge, to produce a plasma or 
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ionized gas from an inert gas such aS argon. Organi 
compounds used to produce the folymer are injected into the 
glow discharge ina gaseous, liquid, or solution form. The 
injected organics polymerize on the substrate surface. This 
technigue can be used to polymerize uniformly thin films of 
most polymers. Sharma and Yasuda [Ref. 30] compared glow. 
discharge effects for parylene coatings. Recently, Sadhir 
and Saunders [Ref. 31] produced coatings of hexamethyldisi- 
loxane and hexarluorcbenzene with this method. Table II 
listS properties of polymers that might be suitable for 
dropwise promoters. Fluorocarbcns make the most durable and 
hydrophobic coatings. Until recently, PIFE (Teflon) coatings 
were primarily evaluated. Fox [Ref. 32], Manvel [Ref. 33], 
and Perkins [Ref. 34] using PIFE coatings, reported only 
minor improvements in dropwise heat-transfer coefficients 
and early coating deterioration. Brown and Thomas [{Ref. 16] 
and Graham [Ref. 5] reported dropwise heat-transfer coeffi- 
cients three times that of filmwise condensation with 
coating thicknesses of 2.5 and 1.5 micrometers. Holden 
[Ref. 23] reported very poor endurances for thin sputtered 
PTFE coatings. Holden also tested three coatings which used 
PTFE with either metal or resin binders. These were 
commercially-applied coatings called No-Stik, Nedox, and 
Bra Lon— 33a. 

No-Stik is a copper-based coating impregnated with 
Pare It is developed by Plasma Coatings, Inc... Results 
showed excellent durability and drop contact angles. 
However, the coating was too thick (50 pm) and reduced 
dropwise heat-transfer coefficient, which included the 
resistance of the coating. 

Nedox is a chrome-nickel, electro-deposited coating 
infused with PTFS5. It is preduced by General Magnaplate 
COBDOLAt Ol. Although, this coating was thin (5 im) 73am 
enhanced the dropwise heat-transfer coefficient by a factor 


of ten, endurance was limited tc 2000 hours. 


Es 


Bucalon- 333, a trademark of Acheson Colloids 
Company, uses an organic resin kinder with fluoropolymers to 
form the coating. Endurance tests showed continuous dropwise 
condensation for over 4,000 hours. Since the resin binder 
appeared to be eroding away, heat-transfer tests were not 
conducted. 

Holden also reported scme favorable results fora 
series of fluoroepoxies developed Dy SGirortithwect al. 
[Ref. 35] at the Naval Research Laboratory, in Washington, 
D.C... These fluoroepoxies can te applied easily ina licuid 
state and cured as thin polymer films. Based on the surface 
properties of these epoxies, Hanston, Griffith, and Bowers 
[Ref. 10] indicated that they might make ideal dropwise 
coatings. Holden reported that these coatings produced 200 i 
to 240 % improvements in drofwise heat-transfer coeffi- 
Sa@ents, With good durability. The coatings applied were 
10-20 micrometers’ thick. Holden aiso reported a5 to 6 
times enhancement in the dropwise heat-transfer coefficient 
uSing an NRL fluoroacrylic and a Union Carbide parylene-N 
@eating. Recent improvements of these and other coatings 


have been made and these reguire further testing. 


Ee. RESEARCH OBJECTIVE 


The primary purpose of this study was to evaluate the 
performance of organic polymers as promoters for dropwise 
condensation of steam. In addition, noble metal coatings 
were to be evaluated for comparison and as possible corro- 


sion inhibitors for polymer coatings. 
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Endurance testing was continued for five coatings initi- 
ated by Holden [Ref. 23}. In addition, five new coatings 
were evaluated which were modifications of the previous 
coatings: 1) NRL crosslinked fluoroacrylic, 2) ND mie 
Fluorcepoxy, 3) “NOeoti ke.) No-Stik (NiCr), “anda 
parylene-D. A wash primer as well as a vacuum-deposited gold 
coating were evaluated as corrosion inhibitors. 

Heat-transfer evaluations of No-Stik, parylene-D)) Samad 
NRL fluroacrylic were conducted. Effects of coating thew 
ness, roughness, substrate thermal conductivity, and vapor 


velocity were considered. 
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If. ENDURANCE TEST APPARATUS AND PROCEDURES 


A. TEST APPARATUS 


A detailed description of the construction of the endur- 
ance test apparatus was given by Holden [Ref. 23]. A sche- 
matic of the system is given in Figure 2.1. The system was 
made of three major components: 1) a steam chamber, 2) a 
heat sink, and 3) a de-superheater. 

The steam chamber consisted of a stainless-steel rectan- 
gular box with glass windows. Steam entered at the top and 
was distributed unifcrmly along the length of the condensing 
block through a perforated stainless-steel manifold. A 
branch line, off the steam-condéensate return line, kept the 
steam chamber open to the atmosphere. House steam froma 
central boiler was fed through a de-superheater prior to 
entering the steam chamber. This ensured that saturated 
steam, at atmospheric pressure, was condensed in the steam 
chamber. The de-suferheater also helped to remove rust and 
scale carryover from the steam Supply. Steam pressure was 
throttled until a steady wisp of steam was visible from the 
branch line: 

The heat sink was made from two flat water-cooled copper 
plates separated by baffles for improved cooling water 
distribution. The heat sink held eighty four, 25.4 mm (1 in) 
square specimens. The specimens were bolted flush against 
the condensing block with clamps. Figure 2.2 shows the steam 


chamber in operation. 


B. PROCEDURE 


The following specimen preparation techniques refer only 
to the new coatings evaluated. For detailed procedures used 


to prepare specimens initiated ry Holden, see [Ref. 23]. 
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The following metals were used for specimen suks- 
meates: ios Goiaercemmrgqn—-ccnductivity ({OFHC) copper, 2) 
§0-10 copper-nickel, and 3) titaniun. The copper and tita- 
hium specimens were 0.76 mm (0.03 in) thick. The 90-10 CuNi 
specimens were 1.52 mm (0.06 in) thick. All specimens were 
sheared into 25.4 mm (1.0 in) Squares with edges’ sanded 
smooth. 

Three surface roughnesses were evaluated for their 
effect on coating adhesion. These included: 1) number 40 
glass-grit blast at a gage pressure of 20 psi, 2) number 220 
AlO -grit blast at a gage pressure of 40 psi, and 3) 
industrial-size glass-bead blast at a gage pressure of 
100 psi. The average RMS height for each surface roughness 
was determined by means of a surface profilometer. 

All specimens were cleaned for ten minutes in an 
ultrasonic bath of ethanol. The specimens were handled with 
tongs and remained untouched by human hands thereafter. 
Specimens were sent to NRL, Washington, D. cC., and coatings 
were applied directly with no further substrate preparation. 
Specimens sent out for commercial coatings had variations in 
roughness and handling procedures dictated by the manufac- 
turer. These were considered proprietary by the manufac- 
turer. Most industries use a grit blast followed Ly a 


degreasing procedure for substrate preparation. 


2- Photographic and SEM Investigation 


Visual observations of dropwise condensation on the 
specimens were conducted daily and photographs were taken 
every 500 hours. Micrographs were taken of selected speci- 
mens with a scanning electron microscope (SEM). Since the 
polymer coatings were not electrically conductive, a shad- 


OWing technigue was used to obtain the SEM micrographs. A 


seg 


thin layer of 100% fure gold was vacuum deposited for this 
purpose uSing an Ernest Fullam Vacuum Evaporator. Based on 
the volume of 203 pm (0.008 in) diameter gold wire used, and 
the vacuum chamber surface area, the thickness of the depos- 


ited gold layer was approximately 15 Angstroms. 


Two standard tests were performed which provided a 


relative indication of a coating's adhesive and hardness 


properties. A tape test for adhesion and a pencil test for 
hardness were used following ASTu specifications 
[Reits. 377o 4. Hardness testing was limited because of 


surface roughness. The standard test calls for mirror-smooth 
substrate surfaces; however, 220 grit blasted specimens were 
used for some coatings. Because of the limited availability 
of specimens, test results were assumed to be representative 
of the specimens. A large number of tests would be required 
to obtain statistically valid results. 

Coating thickness was determined uSing several 
methods. Coatings with thicknesses greater than 10 jm were 
measured with a micrcmeter. The thickness of the NRL fluo- 
roepoxies and fluoroacrylics were determined by weighing the 
Specimens before and after coating application. A specific 
Gravity of eieo- determined experimentally by Dr. James 
Griffith at NRL, was used in the calculation of the thick- 
ness. A knife-edge scale was used with an accuracy of 
+ 05,000 lage Verification of coating thicknesses from SEM 


photos was conducted whenever pessible. 


C. POLYMER COATINGS EVALUATED 


Ten polymer coatings were evaluated for their ability to 
promote and sustain dropwise condensation of steam at atmos- 


pheric pressure. Five of the coatings were on specimens 
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Biagtiated by Holden [ Ref. 23]. The remaining five were 


modified versions of the coatings tested by Holden. The 
intent of Ete eG cinerea cee Ss was to improve coating 
Gurability. 


Since the endurance test was designed to be harsh, it is 
jmportant to note that none of the coatings were designed 
specifically for this purpose. Therefore, none of the 
results or qualitative assessments should be construed as 
critical statements of a particular coating's ability to 
perform in its intended environment. The following coatings 


were evaluated: 


1. NRL Fluoroepoxy 


Two variations of the NRL fluoroepoxy series were 
evaluated. These included the C-6 and "Mixed" fluoroepoxies. 
Both coatings were developed and applied by Dr. James 
Griffith at the Naval Research Laboratory. Fluoroepoxy is 
composed of two parts, a resin and a curing agent, mixed in 
meeour-to-one weight ratio. The general formula for the 


resin iS given in Figure 2.3. 
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Figure 2.3 General Formula for NRL Fluoroepoxy. 


Fluoroepoxies are named in terms of the value of 
a the number of carbon atoms in the perfluorinated, 
Seearght-chained, "dangling" group present on the number 
five pcsition of the central benzene ring. For the C-6 fluo- 
roepoxy, "n" equals six. Mixed fluoroepoxy is made of a 


combination of chains with "a" varying from five to eleven. 
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Longer dangling groups should make the polymer more hydro- 
phobic. The curing agent was "c-o" ethylene diamine. The 
system was made compatible by dissolving both parts in 
methyl-ethyl ketone. The coatings were applied to the sfeci- 
Mens with an artist brush. Polymerization occurs after 
application, producing a thermosetting polymer. 

Four specimens coated with NRL C-6 fluoroepoxy on 
titanium, copper, and 90-10 CuNi substrates were evaluated. 
Holden [Ref. 23] obtained greater than 4000 hours of drop- 
wise condensation on the specimens. All four substrates were 
prepared using a size 40 glass-tread grit blast. The dropwise 
guality was classified as fair to good by Holden. He also 
noted that the copper and CuNi substrates were darkened from 
SUD-—CoOating CorToston. 

In this thesis, fourteen specimens coated with NRL 
Mixed fluoroepoxy were evaluated. This coating was clea 
and glassy in appearance. Ail three surface roughnesses and 
substrate materials were used. Half of the svecimens were 
coated with an ultra-thin "wash" primer (MIL-P-15328D) 
before the fluoroepoxy was apflied. The wash primer was 


applied in an attempt to prevent subcoating corrosion. 
2. NRL Fluoroacrylic 


NRL £fluoroacrylic was also developed and applied at 
the Naval rxnesearch Laboratory. NRL'‘s “umbrelia" £luoroac= 
Eyli¢ 1s 2a tiermoplaserc, which is polymerized prior to 
application. The coating was dissolved in Freon and applied 
with an artist brush. Once applied, the Freon is evaporated 
leaving a very thin fluoroacrylic coating. The coating eae 
be applied at room temperature making it one of the most 
practical thin-film-deposition techniques. The chemical 


structure of the £Eluoroacrylic 1s shown in Figure 2242 
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Figure 2.4 Wao Fluoroacrylic. 


Six specimens coated with the umbrella fluoroacrylic 
were evaluated. Three of the Specinens, which had rough 
copper, CuNi, and titanium substrates, were continued fron 
Holden's work. Approximately 2,500 hours were previously 
obtained with good quality dropwise condensation. The copper 
specimen had a dark oxide layer. The remaining three speci- 
mens had a vacuum-deposited gold layer beneath the coating. 
Glass-bead roughened titanium and copper substrates were 
used in addition to a mirror-snooth copper substrate. The 
gold "flash" was used as a corrcesion inhibiter. Three addi- 
tional gold-flashed specimens were evaluated without polymer 
coatings for comparison. A crosslinked version of the fluo- 
roacrylic was also evaluated. This was developed and applied 
by the same methods used for the umbrella fluoroacrylic with 
the addition of a crosslinking agent. Fourteen specimens 
were tested in the endurance frig. Several specimens were 
used for physical prorerty tests. Half of the specimens had 
the wash primer subcoating which was’ used with the 


fluorcepoxies. 


3. Parylene 


Parylene is the generic name for a thermoplastic 
polymer series deveio;sed by Union Carbide Corporation. The 
two coatings tested from this series were Parylene-N and 
Parylene-D. Parylene-N is the basic member of the series, 


chemically known as foly-para-xylylene, shown in Figure 2.5. 
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Figure 2.5 Chemical Formula for Parylene-N. 


CH. a 


Figure 2.6 Chemical Formula for Parylene-D. 


Farylene-D contains two chlorine atoms on the 
central benzene ring as shown in Figure 2.6. The coating is 
applied by condensing the vagforized constituents on the 
substrate in a vacuum. A glow-discharge process is sometimes 
used to activate the substrate for improved coating adhe- 
Sion. Polymerization takes place on the surface providinge@ap 
Ultra-thin, Unit orn een 

The parylene coatingS were applied by Lawrence 
Livermore National Laboratory which is licensed by Union 
Carbide. Parylene-N specimens, as tested by  Holjdiea 
[fRef. 23], gave disappointing results. This waS primarily 


because of the lack of substrate preparation prior to 


coating. Coating thicknesses of 0.5 micrometers and 
1.0 micrometer were evaluated. In this thesis, f Oiem 
Parylene-N coated specimens were evaluated to verify 


Holden's results. These specimens were from the same batch 


as Holden's. 
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Sixteen specimens coated with Parylene-D were also 
evaluated. Coatings were applied on smooth (609 grit) and 
rough (glass bead) substrates frepared by Holden. Both 0.5 


and 1.0 micrometer thick coatings were tested. 


We. No-Stik 


EP ae oe ee ee 


No-Stik iS a thermally-conductive coating developed 
by Plasma Coatings Incorporated. The coating process is 
proprietary information. The coating 1S applied by a 
thermal or plasma Spray technique. Basically, No-Stik is a 
fluoropolymer coating loaded with metal during the applica- 
tion process. 

The No-Stik(Cu) coating tested by Holden [Ref. 23] 
had copper as the base _ netal. Endurance teSting was 
continued for these specimens, which had previously obtained 
4,000 hours of good to excellent dropwise condensation. 
Holden's heat transfer results showed that the coating was 
too thick (80 pm) to give any heat-transfer enhancement. Two 
additional No-Stik coatings were therefore evaiuated which 
had aluminum and nickel-chromiunm base metals. Attempts were 


also made to have the coating applied thinner. 


5. Emralon- 333 


22 SS ee ee See 


Emralon-333 is a one-component blend of fluorocarbon 
lubricants in an organic resin binder, produced by Acheson 
Colloids Company. The Emralon-333 waS sprayed on uSing an 
external atomizing gun. Three specimens were evaluated in 
continuation of Holden's work. Greater than 4,000 hours were 
obtained previously with fair to good dropwise quality. 
Holden [Ref. 23] noted that the resin binder was slowly 


eroding away. 
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A. APPARATUS 


A detailed description of the apparatus used for heat- 
transfer measurements waS given by Poole [Ref. 39] and 
Georgiadis [Ref. 41]. A schematic of the system is shown in 
Pugure si |. Only a brief description of the apparatus is 
presented in this thesis. 

AM. 0305. ome 2 aan) diameter glass boiler, using ten 
4O0O0-watt immersion neaters, generated steam from distilled 
water. The steam then flowed through a reducer into an insu- 
lated vertical section 2.44 m (8 ft) long. After passing 
through a 180 degree kend, the steam flowed downward through 
ams. 5 2 lle er vertical section and entered a stainless- 
steel test section. Figure 3.2 shows a schematic of the test 
section with the tube mounted horizontally. A glass view 
port was installed to allow observation of the condensation 
process. A secondary coil condenser was used to condense any 
remaining steam. All condensate was returned to the boiler 
by gravity flow. Varer velocities past the test tube of up 
to 8.0 m/s (26.2 ft/s) could be obtained when condensing at 
a pressure of 0.012 MPa (1.62 fsia). 

Two centrifugal pumps in series provided the cooling 
water flow for the tubes. A throttle valve was used tc vary 
the flow from zero to a maximum of 0.55 liters7Z. 
(8.6 gal/min The condensing pressure was controlled by 
throttling the flow of tap water through the secondary 
condenser. 

A vacuum pump was operated continuously during the 
experiment to ensure that the non-condensing gas concentra- 


tion waS virtually zero. A 400 liter (196 gal) tank, used 
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Bemprovide a positive suction head for the cooling-water 
pumps, was also used to condense any steam withdrawn by the 
vacuum suction line in order to prevent moisture buildup in 
the vacuum pump. This system is shown in Figure 3.3. 

A silicon-controlled rectifier was used to regulate 
power to the heaters. This provided an accurate measure of 
the power being consumed. A mercury-in-glass manometer was 
used to measure the test section condensing pressure. 

Since the coolant temperature rise (which was from 0.5 
to 9 K) was the most important measurement in this experi- 
ment, two independent means tc measure it were used: two 
gqguartz-crystal thermometers and a ten-junction, series- 
connected, copper-constantan thermopile. Proper insulation 
and adequate immersion depths were provided for all probes. 
The quartz thermometers had a resolution of 0.0001 K, but, 
calibrating against a platinum-resistance thermometer, the 
measurements were found to be accurate to within + 0.03 K. 
The thermopile had a resolution of 0.003 K. During all data 
runs, tne CoOOidiit temperature rise measured by the quartz 
Thermometers and the thernopiie ayreed to within + €©.03 K. 

Two type-T thermocouples were used to measure the stean 
temperature for the test secticn. A calibrated rotameter 
was used to measure the cooling-water fiow rate. 

Raw data were recorded on disk by a Hewlett Packard 
9626A computer interfaced with a Hewlett Packard 3497A Data 
Acquisition System. The rotameter and manometer readings 
were the oniy ones which had te be entered manually at the 
keyboard. 

Spiral inserts were used to enhance the inside heat- 


Mmemsiter coerficient for the tukes tested. This was neces- 


SeemeeeccCouse the insije ‘eat-transfer resistance Can bicone 
the goverhing thermal resistance during dropwise 
cordensation. 
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A small error in determining the inside heat-transfer 
coefficient can give large errors when inferring the outside 
heat-transfer coefficient from tne overall heat-transfer 
coefficient. 

The spiral insert consisted of a 6.4 mm diameter 
stainless-steel rod with a copper wire wrapped and soldered 
around it. The diameter and pitch of the wrapped wire was 
3.2 mm and 34 nn, respectively. The wire was machined to 
give a clearance of 0.5 mm between the outer wire diameter 
and the tube inside wall. Although ASTH standard sized tubes 
were used, the inside diameters varied for different tube 
Materials. Therefore, three different inserts were required 
which had minor variations in p2tehn (2 390m) and outside 


diameter (+ 0.7 mm). 


Bo. tJIUBES TESLED 


1. Elain Tubes 


Prior to testing dropwise-coated tubes, data for 
plain tubes with filmwise condensation were obtained. These 
data were taken for two reasons. First, tne data provided a 
basis for determining the enhancement obtained from tubes 
promoting dropwise condensation. The erhancement ratio was 
defined as the ratio of the drcpwise heat-transfer coeffi- 
cient to the Ffilmwise heat-transfer coefficient. The values 
or the heat-transfer coefficients determined at a heat flux 
of 0.35 HW/m? were chosen for ccmparison purposes. Second, 
the filmwise data were used in a Modified Wilson Plot data- 
reduction program to obtain the inside heat-transfer coerfi- 
crent. 

Four tubes were used for filmwise data. These were 
machined from OFHC copper, 6061-16 aluminum, 90- 0 3@u)ae eee 
ASTM type 304 stainless steel. All of the tubes were 
228.6 mom (9 in) long with a 133.4 mo (5.25 in) Condensing 
length. 
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The outside diameter for the tube condensing section was 
4.22 mm (0.560 in). The tube iniet end length was 60.33 mn 
(2.375 in) with a 19.05 mm (0.750 in) outside diameter. eae 
tube outlet end length was 24.93 mm (1.375 in) With a 
15.88 mm (0.625 in) outside diameter. Although standard size 
tubes were used, the inside diameters for the 90-10 CuNi and 
304 stainless-steel tubes were found to be slightly larger 
than the copper and aluminum tutes. The inside diameter for 
the copper and aluminum tubes were measured to be 12.70 nao 
(0.500 in). Inside diameters of 13.21 mm (0.520 in) for the 
$0-10 CuNi tube and 13.36 mm (C€.526 in) for the stainless- 


steel tube were measured. 


2. Polymer-Coated Tubes 


A second set of tubes was machined to the same spec- 
ifications used for the plain tubes. These tubes were then 
cleaned with a soluticn of sodium hydroxide and ethanol. The 
tubes were rinsed with tap water and dried, and were then 
coated with a wasn primer and with NRL fluoroacrylic. MThe 
NRL £fluoroacrylic coating was applied by dipping tke tutes 
in a solution of fluoroacrylic dissolved in Freon. The Freon 
was evaporated, leaving a thin fluoroacrylic coating. fhe 
surface roughness of the tubes was considered "smooth" 
because the coatings were applied on "as machined" surfaces. 
These tubes are also referred tc as "thin-walled" tubes with 
measured wall thicknesses of 0.762 mm (0.03 in). 

Five "thick-walled" tukes were machined and coated 
With NRL £luoredaemy lic. All tube dimensions were the same 
as for the thin-walled tubes, with the exception of the 
condensing section outSide diameter, which was 19.05 mam 
(0.750 in). Three of these tubes, one copper, one aluminun, 
and one stainless steel, were grit blasted with size forty 
glass grit at agage pressure of 20 psi. Cleaning and 
coating procedures were the same as for the thin-walled 


tubes with the wasSh primer omitted. 
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The remaining two thick-walled tubes were coated 
With waSh primer and NRL fluoroacrylic. One of the tubes was 
Grit blasted with a number 220 grit at a gage pressure of 
80 psi, and the other had a knurled roughness which was 
machined using a standard-fine-pitch knurling tool on a 
lathe. 

Iwo aS-machined, thick-walled copper tubes were 
coated with Parylene-D at Iawrence Livermore National 
Laboratory. The coatings were vacuum deposited in the same 
manner as the endurance specimens were coated. One tube was 
eeated With a 4.0 pm thickness and the other with a 0.5 pn 
thickness. 

A thick-walled copper tube waS coated with 
Emralon-333 by Acheson Colloids Company. Surface preparation 
was determined by the manufacturer. Two additional thick- 
walled copper tubes were coated with No-Stik coatings by 
Plasma Coatings, Inc.. One was coated with an aluminum based 
fluoropolymer (No-Stik (Al) ) and the other with a nickel- 
chromium based fluoropolymer (Hest NiCr). Surtace  srep— 
aration was determined by the manufacturer. When the coated 
tubes were received, they were slightly warped and disco- 
lored on the inside, indicating that they were exposed to 


high temperatures during the coating procedure. 


Se ollver-Electroplated Tukes 


Iwo thin-walled tubes were electroplated with silver 
ky a local merchant. One OFHC-copper tube and one 90-10 
CuNi tube were plated, both cf which had smooth folished 
Surfaces. The tubes were plated for one hour in a silver- 


cyanide electroplating bath. 
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C. EXPERIMENTAL PROCEDURE 


1. WNon-Condensing Gas Problem 


Since the presence of non-condensing gaseS can 
result in Significant errors ir the condensing coefficient, 
considerable attention was given to avoid this problem. As. 
also stated by Georgiadis [Ref. 41], the test apparatus was 
extremely leak-tight. While he reported a leak rate less 
than 2 0MHG inwas24 nr perred- a leak test performed (at a 
pressure of 85 mmHg) during this work revealed a leak rate 
less than 1 mmHg in six days. In addition to this remark- 
ably leak-tight test apparatus, the use of continuous 
purging (as discussed earlier) resulted in virtually no 
non-condensing gases being present. The computed non- 
condensing gas concentrations were iess than + 0.5 & (1.€., 
zero to within the accuracy cr temperature and pressure 


measurements). 


2. Mixing ChanbermeGalibiataen 


A mixing chamber {see Figure 3.2) was used to obtain 
a meaningful mixing-cup temperature at the coolant outlet. 
Insulation was used to reduce errors in the calibration fron 
heat transfer with the surroundings. A calibration was 
reguired to account for the temnrperature rise resulting fron 
viscous dissipation during the mixing process. The coolant 
temperature rise was measured for various water velocities 
with the system at room temperature and pressure. A calibra- 
tion line was plotted for each tube type and insert combina- 
Laon. Diteing condensation data runs, the coolant 
temperature rise was corrected by subtracting the tempera- 
ture rise determined from the mixing chamber calibration. 
Mixing chamber calibration results are plotted in Figure 3.4 
for the copper, aluminum, stainless steel, and 90-10 CuNi 


tubes. 
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Seaeod td) col Lect Fon yweecocedures 


Perfect filmwise condensation was reguired when 
taking data for the plain tubes. The slightest amount of 
contamination caused scattered fatches of dropwise condensa- 
ON » These dropwise patches gave Significant increases in 
the coolant temperature rise which would give erroneous 
resuits in data reduction. The tubes had to be thoroughly 
degreased to ensure good wettalility. ies Oterons Of (507 
sodium hyroxide and ethanol was used, in egual weight 
proporticns, for tube cleaning. A black oxide layer was 
formed on the copper and CuNi tubes by brushing the surface 
with the solution and steaming the tubes over a pot of 
boiling water. This oxide layer was necessary because copper 
is very reactive with the environment and readily adsorbs 
contaminants which tend to premote dropwise condensaticn. 
The oxide layer was extremely thin with negligible heat- 
transfer resistance, see Georgiadis [Ref. 41}. 

Four complete data runs were made for each of the 
plain tubes. Runs were made cn different days after tube 
removal and reinstallation to ensure repeatability of the 
data. Each data run consisted of eighteen data sets. Data 
sets were taken using the following seguence of flowmeter 
readings (percent full-scale): So Ueno 359-30 -25-20-4 0-60. 
Two sets of readings were taken for each flowrate. Perfect 
filmwise condensation was observed throughout each data run. 
Test section condensing pressure waS Maintained at 85 mmHg 
(1.64 psia). Vapor velocity was maintained at 1.0 m/s. 

The following flowmeter seguence (percent full- 
scale) was used for tubes promoting dropwise condensation: 
80-70-60-45-35-2 6- 20-55-80. All dropwise data runs were 
conducted at a condensing pressure of 85 mmHg with a 2.0 m/s 


vapor velocity. 


cos 





| 
| 


AATOOTSA swSe3geM = MA 


< TPYaD V 
= SS &) 
T N75 eam 
a [O32] 


PeSectige aan, ToOquAS 


= 


"uoTPRIGTTeD Jaqueyy HutxtH 


Ss Lu LA 
C=3°%5 2 oe 


Cc. 


; ae 
re A 


hee aanbtyg 











ey 


eS 1). 


06 


At least two runs were conducted on different days for each 
tube. Data runs at atmospheric pressure and 1.0 m/s vaj},or 
velocity were taken for thick-walled tubes coated with NEL 
mimorOaclLylic and Silver-electroplated thin-walled tubes. 
The thick-walled copper tube, coated with wash primer and 
fa £ luoroacrylic, was used tc obtain data for different 
vapor velocities. Dropwise condensation runs were made ata 
pressure of 85 mmHg fcr the following vapor velocities: 2.0, 
mao, 4.0, and 6.0 mys. Vaper velocities were maintained 


mrt hnin 3 % of the desired values. 


De. DATA REDUCTION 


Iwo data reduction programs were used to process. raw 
data. These were modified versions of the programs used by 
Poole [Ref. 39]. Listings of these programs are given in 


Appendices B and C. 


weeevuoditied Wilson Plot Pregqram (WILSON 3) 


This program calculates the leading constant for the 
Sieder-Tate equation from the filmwise data. The 
Sieder-Tate correlation is used to determine the inside 
meat-transfer coefficient, which is later used in the drop- 
wise data reduction progran. 

The Modified Wilson Plct method assumes a form of 
correlation for both the outside heat-transfer coefficient 
oma the inside heat-transfer ccefficient, with two coeffi- 
Sments to be found by iteration. impeetehne past,”  Nusselt's 
equation for film condensation cn horizontal tubes was used 
Bo@eethe the outside heat-transfer coefficient [Ref. 42]. 
Eguation 3.1 Shows the form of the Nusselt equation gener- 
ally used: 

ke OF g hee = 


Anu ed Oe 
| up q Do (eqn 3.1) 


ow 


The Nusselt e€guation results in an value of 
0.655 for zero-vapor-shear conditions, and the presence of 
vapor Shear generally results in a higher value, which must 
ke determined iteratively. Since this eyuation is not valid 
for high vapor-Shear conditions, vapor shear must be held at 
a low, constant value (corresponding to a velocity less than 
120 M/S, for exanpleye 

To alleviate the deficiency of the Nusselt equation, 
even with low vapor shear, a ccrrelation developed by Fujii 
and Honda [Ref. 40] which accounts for the variation of the 
outside heat-transfer coefficient with vapor vclocity ees 


used during this investigation: 


Sumer = 0.96 pi/s (eqn 3.2) 


This correlation was re-written to express h as a function 


of heat flux and vapor velocity as shown in equation (32am 
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Here is a coefficient to re determined by iteration. 

Equation 3.4 1s the form of the Sieder-Tate equation wUSedieee 


cetermine the inSide heat-transfier coefficient. 


hy Dp ie ive 1) 0. ee 
caer DN Sei - = | it (eqn 3a 
ke Uy 

After substitution of equations (323) anameees into Ue 


eqguation for the overall heat-transfer resistance (equation 


(3.5)}, a linear equation used to jenerate the Wilson @pioe 


ao 


Mmemobtained (equation (3.6)): 
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ocr (eqn 3.6) 
where, 
X = Bo 
Q kf (Sgn) 
and 
I R 
OS) es ol 
e ° | (eqn 3.8) 
The values of and quemdletimed an eyuations (3.3) “and 


(3.4), respectively. 

The parameters X and Y are determined from the fluid 
property vaiues and the heat flux measured during the filn- 
wise data runs. Iteration between the Sieder-Tate coeffi- 
ment C;, ani the Fujii coefficient %, is continued until 
convergence within 0.1 % between two successive’iterations 
Securs. The slope of the Walson plot generated is the 
inverse of the desired Sieder-Tate coefficient. Sieder-Tate 
coefficients were determined for each tube-insert configura- 


tion used for dropwise data. 
2. Dropwise Data Reduction Program 
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This program was used tc determine tne outside heat- 


transfer coefficient from the dropwise data. The outside 
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heat-transfer resistance wis deteorprined ty Gite eee 
inside anil wall resistinces troa the overall) heqt—= tea 
resistance aS SAowm Wn errata eee The overtall neaie 
transter coefficient wis dertercminel trom the miso yyvageee 
for the total heat transtsc and Loj-rean-temperat ir dee 


ence” (CUUatLOd Meteo: 


Uo = Q/A, LMTD (eT San 


The conduction resistane>: oF the polymer coating (ime 
iocluded in the outside heat-transier resist ince, Then 
heac=tranwcer Gol? Vener waS determined US 1ne the 
Sieder-Tate eyuition with the aporo,riate leading “COCuxaIES 
CLlentoidetermine 1 cn lie 

Appropriate correlations were used to accoun Cam 
Fluid property varlations with temperaturce. The £11 (ei 
of the tune ends, uortardle fle Gomes Wien @as 


Includeg snwithe —avalys is iene aie 
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IV. RESULTS AND DISCUSSION 


A. ENDURANCE TEST RESULTS 


The quality of dropwise condensation on the test speci- 
mens waS classified as excellent, good, fair, or poor kLased 
on visual observations. For excellent dropwise condensation, 
the drors appear spherical in shape with contact angles 
close to 90 degrees and the dreps grow to no more than two 
to three millimeters in diameter. Drop sweeping action 
should be swift and vertical while maintaining good contact 
angles. Drops which appear flat, irregular shaped, and grow 
to greater than 4 mm in diameter were characteristic of poor 
dropwise condensation. A summary of the endurance test 
results is provided in Table ili. 

During visual observations, it was noticed that the 
copper condensing block promoted scattered dropwise conden- 
sation. This occurred only after the block was’ cleaned 
giving a shiny metal appearance. After investigation, it was 
found that a volatile corroSicn inhibiter (di-ethyl amino 
ethanol) was promoting dropwise condensation on the clean 
condenser block. This chemical is injected into the house 
Foiler, which provided the stean supply for the endurance 
test apparatus. After about one month, an oxide layer formed 
on the condenser block producing filmwise condensation. 
Based on the short-lived dropwise promotion of the corrosion 
inhibiter, the lower critical surface tensions of the fluo- 
ropolymers tested, and visual cbservations, it was decided 
that the chemical prcmoter had little effect on the guality 
of dropwise condensation and coating endurance for the 


coatings evaluated. 
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Two of the four C-6 fluoroepoxy specimens failed to 
produce adequate dropwise condensation after about 6,500 
hours. The specimen with the CuNi substrate was tne first to 
rar The quality of dropwise condensation continuously 
decreased with increased oxidation of the CuNi substrate. 
Figure 4.1 shows the degradation of the dropwise guality for 
this specimen. Excellent dropwise condensation on Paryliene-D 
is also shown for comparison. The other specimen which 
failed had a titanium substrate. In this case, oxidation 
could not be blamed for coating separation. Observation 
under an optical microscope revealed tears in the remaining 
portions of the coating. This was also observed for the CuNi 
specimen. Since thermosetting folymers tend to be brittle, 
thermal stresses could be fracturing the coatings, causing 
eventual failure by erosion. 

Substrate oxidation tends to breakdown the mechan- 
ical bond between the coating andthe substrate. Two types 
of substrate oxidaticn were observed to occur on the copper 
and cCuNi substrates. A "green" oxidation layer formed 
bubbles in the coatings, as shown in Figure 4.1, eventually 
separating the coatings from the substrate. A "black" oxida- 
tion layer formed on some substrates. This layer didn't seem 
to affect coating durability cr the quality of dtepware 
condensation. No significant pattern was observed to explain 
why some substrates had a green oxide layer and others a 
black oxide layer. Whichever oxide layer formed first, 
prevailed throughout the test fcr that substrate. 

Iwo C-6 fluoroepoxy coated specimens continued to 
produce fair to good dropwise ccndensation. These are shown 
in Figure 4.2. The titanium sfecimens showed some wetting, 
indicating possible fractures existed in the coating which 
exposed the substrate. It should be noted that the copper 


specimen shown had a black oxide layer beneath the coating. 
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The mixed fluoroepoxy coated specimens’ froduced 
slightly better dropwise ccnden sation than the G=16 
menoroepoxy-coated specimens. At start up, all of the spec- 
imens produced good dropwise condensation as shown in 
Figures 4.3, 4.4, and 4.5. Maximum drop sizes appeared to be 
larger for the 40-grit and glassbead-roughened surfaces. 
These roughnesses had larger peak heights, which tend to 
hold up the drops, allowing them to grow larger before 
departure. This indicates that the rougher surfaces would 
tend to reduce the dropwise heat-transfer coefficient. 
However, this effect is very small as will be seen later. No 
Significant differences were ckserved between drop contact 
angle and the different substrate roughnesses asS_ shown in 
Figures 4.5 and 4.6. 

The wash primer used on Some specimens significantly 
reduced substrate oxidation. fFiyures 4.7 and 4.8 compare 
CuNi Specimens with and without the wash primer. In Figure 
4.7, it can be seen that the dropwise guality 1S poorer for 
the specimen without the primer, indicating that the coating 
is starting to fail. This shows definite evidence that the 
reduction of substrate oxidation can significantly increase 
coating endurance. It is still unclear as to whether the 
waSh primer improves the adherence of the coating to the 


substrate. 


PemeeNRL Fluoroacrylic 


The two fluoroacrylic coated copper and titanium 
specimens continued to promote good dropwise condensation in 
Seeess OL 9,000 hours. Some degradation of the dropwise 
quality was visible after approximately 7,000 hours. 

This is shown in Figures 4.9 ard 4.10. The copper specimen 
had an all-black oxide layer until approximately 7,000 hours 
of continuous dropwise condensation. Then small green oxida- 


tion spots appeared, which could explain the degradation in 
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Figure 4.1 NRL C-6 CuNi/R 6,000 hrs. and Parylene-D 
on CuNi/R 2,860 Arse 
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Figure 4.2 NRL C-6 Ti/R 9,650 hrs. and on Cu/R 7,670 hese 
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Figure 4.3 NRL Mixed Bos Pee Ou CuNi/220 grit/wp/0 hrs. 
aiden Cwni/220 grit/0 hrs.. 
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Figure 4.4 NRL Mixed Fluoroepcxy on CuNi/40 grit/wp/0 hrs. 
and on CuNi/40O grity0d hrs.. 
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Figure 4.5 WRL Mixed Fluoroepcxy on Cu/glassbead/wp/0 hrs. 
and on Cu/220 grit/0 hrs.. 





Figure 4.6 NRL Mixed Fluoroepcxy o 
and on Ti/glassbead7np7 
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Figure 4.7 NRL Mixed Fluoroepexy on CuNi/220 grit/wp/t, 120 
hers and on CuNi/220 grit/i,120 hrs.. 





Figure 4.8 NRL Mixed enor cty on CaNi/40 grit/wp/350 hrs. 
and on CuNi/40 grit/350 hrs.. 
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dropwise quality. The fluoroacrylic coated CuNa specimen mia 
removed after 6,500 hours for SEM examination. This specimen 
had some isolated areas of wetting which were visible prior 
to removal. SEM observation (Figure 4.11) revealed that 
cracks were present throughout the coating. 

The three fluoroacrylic specimens, which had the 
vacuum-deposited gold sublayer, continued to produce drop- 
wise condensation in excess of 8,000 hours. As’ shown in 
Figures 4.12 and 4.13, the dropwise quality was fair to 
poor. This was unexpected since the f£luoroacrylic coating 
waS applied in the sare manner as were the specimens without 
the gold subiayer. The gold sutlayer practically eliminated 
corrosion. 

The results for the crosslinked-fluoroacrylic coated 
specimens were disappointing. With the exception of the 
glassbead-roughened specimens, the dropwise quality was good 
to excellent during the first few hours of testing. Most of 
the glassbead-roughened specimens produced mixed film and 
dropwise condensation, which became all film within the 
Llinsh, ZOshourswor condensing steam. The specimens roughened 
with a 220-grit blast were the next to fail followed by the 
4O-grit blasted specimens. Figures 4.14 through 4.17 give a 
comparison of selected crosslinked-fluroacrylic specimens 
during the first hour of testing. Five out of six specimens 
tested, which had 40-grit roughnesses, gave good dropwise 
condensation several hundred hours longer than the specimens 
with the other roughnesses. However, one 40-grit roughened 
specimen, shown in Figure 4.15, produced filmwise condensa- 
ti0n Within the first sou. 

These results indicate that the 40-grit roughnesses 
gave the best mechanical interlockiny between the coating 
and the substrate. SEM photos revealed that the specimens 
with 40-grit roughnesses had relatively deep valleys and 
sharp peaks compared to the glassbead and 220-qGiame 
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rougnnesses. In all cases, the coating conformed to the 
roughness peaks. Tke glassbead roughness produced recunded 
peaks and flat valleys with larger spacing between ridges. 
Figures 4.18 and 4.19 show a ccmparison of the 40-grit and 
glassbead roughnesses for crosslinked-fluoroacrylic coated 
copper specimens. 

No significant correlation could be made between 
specimens with or without the wash primer and failure rate. 
However, SEM observations showed that the wash primer was 
exposed for specimens with the giassbead roughness. This can 
be seen in Figure 4.20. 

Dr. J. Griffith pointed out that the coating may 
have failed because of the increase in the thermal expansion 
coefficient of the coating from crosslinking. Hardness and 
adhesion test results shown in Table III support this idea. 
The crosslinked-fluroacrylic was much harder and gave better 
adhesion than the umbrella fluoroacrylic. 

Coating thickness was determined by weighing the 
specimens before and after coating. The coatings proved to 
be very thin ranging from 2-3 wm. Three of the six specimens 
evaluated for thickness had wash primer sSubcoatings. The 
Specimens with the wash primer showed only a 0.1-0.3 4m 
increase in thickness compared to those without the wash 


primer. 
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All but one of the fFarylene-N specimens failed 
within the first 24 hcurs of testing. The CuNi specimen gave 
fair to good dropwise condensation for almost 4,000 hours. 
SEM observations showed that the CuNi substrates had rough 
Surfaces in the as-received ccndition, which would have 
given the greater Coating eediia bidaty. Salgmicercan tly 


different values were obtained for the adhesion testing of 
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Figure 4.9 NRL Fluoroacrylic on Cu/k/6,40 0eacse 
and on Ti/R/6,400 hrs.. 





Figure 4.10 HRL Fluoroacrylic on Cu/R/7,690 hrs. 
and on Ti/8/7/],670 hese 


70 





Figure 4.11 NRL Fluoroacrylic on CuNi/R/6,500 hrs. (SEM x1000). 





Figure 4.12 NRL Fluoroacrylic on Au-Cu/R, Au-Ti/k, 
and Au-Cu/S 2,500 hrs.. 
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Figure 4.13 


Figure 4.14 





WRL Crosslinked Fluoroacrylic on Ti/40 grit 
CuWi/220 gritywp/0 hrs.. 


az 





Figure 4.15 NRL Crosslinked Fluoroacrylic on Cu/40 grit and 
Cu/40 grit/wf/0 hrs.. 





Peoure 4,16 #$NRL Crosslinked crane on CuNi/40O grit, 
CuNi/4O grit/wp, and Cuhi/glassbead/0 hrs.. 
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Figure 4.17 NRL Crosslinked Fiuoroacrylic on Cu/2Z20 grag 
Cu/glassbead/wp, and Ti/40 grit/wp/0 hrs.. 





Figure 4.18 NRL Crosslinked Fluoroacrylic on Cu/40 grit 
SEM (x2C0). 
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Figure 4.19 NRL Crosslinked Fluoroacrylic on Cu/glbd SEM (x200). 





Figure 4.20 NRL Crosslinked Fl 
SEM e(x10 
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Parylene-N than those reported by Holden { Ref. 2308 
Adhesion was found to be very poor with 90-100 ¥ of the 
coating removed during tape testing. This was expected 
because of the lack of surface preparation prior to coating 
the specimens. 

Farylene-D gave significantly better results.» 
Specimens with smooth substrates generally failed in 100 
hours or less. Water-filled bubbles separated the coatings 
trom the substrates as shown in Figure 4.21. Greater than 
5,500 hours were obtained on specimens with rough subs- 
trates. The quality of dropwise condensation was excellent 
for ail the Parylene-D coated srecimens, as shown in Figures 
U2 threugh 4.247 Figure 4.24 shows similar dropwise 
quality ketween Parylene-D ccated CuNi_ and a vacuun- 
deposited gold specimen. 

No Significant differences in endurance were 
observed between the 0.5 and the 1.0 mm thick coatings. 
Adhesion tests showed Significant improvements Lom 
Parylene-D coatings compared tc Parylene-N. Only a small 
increase in the Parylene-D coating hardness was found (see 
Table III). SEM photecs (Figures 4.25 - 4.28) show that the 
Parcylene-D coatings conformed to the surface roughness. 
These photos also show that increased surface roughness 
provides the mechanical-interlccking, between the coating 
and the substrate, necessary for adhesion. 

It iS important to note that the dropwise quality 
waS better for Parylene-D than for the fluoropolymers 
tested. Dr. J. Griffith noted that the inclusion of oxygen, 
nitrogen, or other non-hydrophobic groups in the polymer 
chains reduces the close-packing of hydrophobic groups, 
therefore, reducing coating hydrophobicveye 51 hee 
Parylene-D is free of any inciuSions separating carbon 
atoms, very close-packed hydrophobic surfaces could be 


obtained. 
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Figure 4.21 Bg aes Cu/R/0.5nn/2,800 hrs and 
Cu/S/1.0um/1,600 hrs. 





e-VewGu/o/7 U2 oun and Ci/a/0. sir 
4080 hrs.. 
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ragume 4223 Parylene-D: Ti/S/0.51m and Ti/R/0. Sum 32735 5br eee 





Figure 4.24 Parylene-D C 
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Figure 4.25 Parylene-D on Ti/B/0.5 pm/O hrs. SEM (x1000). 





Figure 4.26 Parylene-D on CuyR/0.5 pm/0 hrs. SEM (x200). 
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UYU. No-Stik 


Dimio7 sti -PCeamens Celtinucd to produce excellent 
dropwise condensation with virtually no coating deteriora- 
tion (see Figures 4.29 and 4.30). Greater than 11,009 hours 
were obtained for No-Stik(Cu) sfecimens. Small yreen sfecks 
were visible indicating that the infused copper base was 
oxidizing. However, this didn't seem to affect the dropwise 
guality or coating adhesion. 

No~-Stik (Al) and No-Stik (NiCr) specimens continued to 
promote excellent dropwise condensation in excess of 2,000 
hours. Coating thicknesses were measured to be about 50 pm. 
Although these coatings were thinner than the No-Stik(Cu) 
coating, they were still too thick to obtain significant 


enhancement from dropwise condersation. 
5. Emralon-333 


The reSin base continved to erode away from the 
Emralon-333 coating, eventually exposing the substrate. Good 
to excellent dropwise condensation prevailed until approxi- 
mately 50 % of the substrate was visible through the 
coating. Figure 4.31 show a brass specimen with the coating 
badly eroded. Other specimens shown in Figures 4.31 and 4.32 
Show Emralon-333 coated Specimens with excellent quality 
dropwise condensation. Endurance lives in excess of 11,000 
hours were obtained. 

Since polymers are basically non-reactive, very 
littie change in steam-plant chemistry would occur from 
eroded or washed away polymer coatings, especiaily since 
very small quantities (in weight and volume) of the polymers 


are present when the coatings are thin. 
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Figure 4.29 No-Stik (Cu) on T1i/7,670 hrs. and Ti/9 650 @eeoee 





Figure 4.30 No-Stik(NiCr) and No-Stik(Al) on CuNi at 780 hrs.. 
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Figure 4.31 Emnralon-333 on Tiv6é,400 hrs. 


and Brass/6,400 hrs... 
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Figure 4.32 Emnctalon-333 onwTis76/70 hrs, 


Brass and T1i 9,650 hrs.. 


33 


Be HEAT-TRANSPFER RESULTS FOR VPEAIN Ube. 


Prior to processing filmwise or dropwise condensation 
data, appropriate values for the substrate thermal conduc- 
tivity andthe inside heat-transfer coefficient must be 
determined. A senSitivity analysis demonstrating the impor- 
tance of selecting an accurate value for substrate thermam 
conductivity will be discussed first. Then the results 
obtained from the filmwise condensation data will be 
discussed, which were used to cbtain appropriate values for 


the Sieder-Tate coefficient. 


1. Sensitivity of Data Reduction on Substrate Thermal 


Conductivity 


Proper selection of sukstrate thermal conductivity 
was essential in obtaining accurate values for the outside 
heat-transfer coefficient. A search of several data sources, 
including the American Society of Metais [Ref. 43] and 
Touloukian [Ref. 44], showed that differences in reported 
values of thermal conductivity cf metals could be as much as 
10 %. A sensitivity analysis showed that a 10 % difference 
in substrate thermal conductivity made less than 3 % differ- 
ence in outside heat-transfer coefficients determined fron 
Tilmwise condensation data. Differences in the Sieder-Tate 
coefficients, determined from the Modified Wilscn Plot 
method, were also less than 3 %. However, significant errors 
can result in determining drcpwise heat-transfer coeffi- 
cients for tubes with low thermal conductivities. This was 
found to be the case for the stainless-steel and 90-10 CuNi 
tubes. For thick-walled, stainless-steel tubes, as much aS a 
50 % reduction in the dropwise heat-transfer coefficient was 
obtained, with a 10 & increase in substrate thermal conduc- 
tivity (see Figure 4.38). For the thin-walled stainless- 
steel and 90-10 CuNi tubes, only a 10 % reduction in the 


dropwise heat-transtfer coefficient was obtained. 
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pleats Loe ene ool 


Endurance Test Results 





Suosctrate/ Thickness Dropwise Hours of 
Coacing Surface yum Hardness Adhesion Performance Operacion 
C-4 Pluoroepoxy TL/D 6-4 2H 53 Fair > by 000 
Cu/D 6-3 2H 5B Pair/Good 7a, 950 
CuNi/D 6-8 2H SB Pair/Poor 6,500 
Mixed TL/3 G20 8-9 6H 5B Good >2.500 
Fluoroepoxy €u/B ;C,D eo 6H SB Good 22,500 
GuNt/8.C,D §=9 68 5B Good Pie 200 
Pluoroacrylic 7 D D3 P 3B Good >9, 000 
Cu/D 2) P 3B Good >9 , 900 
CuNi/D 2-3 P 3B Good 6.200 
Cu-~Au/D 2-3 PF 3B Pan c/POGr >8 ,000 
CumAu/A oo P 3B Fate /Coor >8 ,000 
Ti-Au/D 2-3 P 3B Pair/Poor >8,000 
Crosslinked TL/B 2-3 4H SB Farr <20 
Pluoroacrylic TLC 2-3 4H SB Good/Excel <1,000 
TL/D 2-3 4H SB Pair/Poor <20 
Cu/B 2-3 4H SB Pair/Good <20 
Cu7c 2-3 4H SB Good/Excel  <1,0N0 
Cu/D 2-3 44 SB Pair/Poor <20 
CuNi/B 2-3 4H 5B Pai r/Good 20 
Gutii7¢ 2-3 4H SB Good/Excel <1,000 
CuNi/D 2-3 4H 5B Pair/Poor <20 
Pary lene-N Cu/A O=5 B 1B Good <20 
Cu/A 1.0 B 1B Good <20 
CuNi/D 0.5 B 1B Good 20 
CuNi/D 1.0 B 1B Good <4 ,000 
Pary Lene-9 Cu/A O25 AB 4B Excel 5,500 
Cu/A 130 BB 4B Excel <100 
Cu/D O25 20 AB 4B Excel 75,000 
CuNi/A O25 BB 4B Excel >5,500 
CuNi/A 0 HB 4B Excel <100 
CuNi/D O.2 7b a0 BB 4B Excel P5200 
hl 0.5 AB 4B Excel 25), 500 
TLVA 1.0 HB 4B Excel <100 
TiL/D O.521.0 BB 4B Excel 95,500 
Br/A 0,520 BB 23 Excel <20 
Br/D Os 5teonr oe. as 4B Excel >5,500 
No-Stik(Cu) caste 9 60 4H SB Excel >9 ,000 
CuNi ,TL/T 60 4H SB Excel >11,000 
No-Stik(AL) Cuctl, cunt, g 150 SH 5B Excel 22,100 
No-Stik(tlicr) Gumercunt (0.50 68 SB Excel 22,100 
Enralon-333 Ti. ae/0 13 P 5B Good/Excel >11,000 
Br/U ie P 5B Good <6 ,500 
TL/0 i P 5B Good/Excel >11,000 
CuNt LS F 5B Fair/Good <6, 500 
Gold m/0 0.5 - - Excel 28 , 000 
Noce: Roughness Hardness Adhesion 
A-= 600 grit ¢ = 40 grit B - softesc 1B -~ least 
B - 220 grit D - glass~bead 6H - hardesc 5B - mosc 
U - unknown 
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The large dependance of the dropwise heat-transfer 
coefficient on substrate thermal conductivity is a Gaizegs 
result of inferring the outside heat-transfer coefficient 
from the overall value coefficient. For low thermai conduc- 
tivity substrates, the wall resistance can become dominating 
when condensation occurs in the dropwise mode. Therefore, a 
small error in the wall resistarce can give large errors in 
the outside heat-transfer coefficient. This was the primary 
reason for selecting thin-walled tubes to evaluate the 
effect of constricticn resistance. 

Table IV lists the selected values for substrate 
thermal conductivities used in the data reduction prograns. 
All of the values in Table IV were taken from [Ref. 44] with 
the excertion of the value for CuNi which was given by the 
manufacturer. These values were based onan estimated 
average wall temperature of 310 K, at 85 mmHg condensing 


pressure. 


TABLE IV 


Substrate Thermal Conductivity used for Data Reduction 


Material k (W/m°C) 
OFHC Coffer 3 Dane 
Al 6061-16 169720 
Gu Nese = 10 45.0 
SS Type 304 1Gae0 


Sieder-Tate coefficients were determined for each of 
the four tube-insert configurations tested. Average values 
were determined based on the results of the four data runs 
taken for each tube. Differences between the coefficients, 
determined for any cne tube, were less than 3 %. Tatkle V 


gives asummary of the average Sieder-Tate coefficients 
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obtained for each tube configuration. The values are taku- 
lated according to insert numker and tube materiai. the 
Sieder-Tate coefficients shown were determined using the 
Fujii-Honda equation (eqn. 3.3) and also using the Nusselt 
equation (eqn. 3.1) in the Modified Wilson method. A sample 
[son plot is shown in Figure 4.33. The Sieder-Tate coeffi- 
cients determined using the Fujii-Honda equation predict an 


inside heat-transfer coefficient 3-4 % higher than _ the 


values okftained using the Nusselt equation. Georgiadis 
memes | ceported a value of 0.071 for the Sieder-Tate 
coefficient obtained using the Nusselt eyuation for Va 


Similar tube-insert combination. 


TABLE V 


Sieder-Tate Coefficients used in Data Reduction 


Tube Insert Gai Gas 
Material Number (Fu jiit—Honda) (Nusselt) 
ey 1 O07 02 0.9675 
ely 1 Or,09.20 0.0684 
Guna Z 0.0741 0.0716 
SS 3 0.0689 0.0666 


Differences in the values obtained for the different 
tube configurations can be attributed to differences in the 
tube inside diameters, spiral-irsert pitch and diameter, and 
experimental errors. AS noted earlier, the copper and 
aluminum tubes nad the same insert and inside diameters. The 
two Sieder-Tate coefficients cbtained for the ceprer and 
aluminum tubes are in close agreement with each other 
Meet hin 2.5 %). 

In order to check data reduction procedures and the 
accuracy of the measurements, the raw data were reprocessed 
using the Sieder-Tate coefficients determined with the 
Fujii-Hcenda correlaticn (see Takkle V). Figure 4.34 shows a 


Sample plot for the reprocessed filmwise data obtained for 
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the copper tube. Good repeatability was demonstrated for all 
four tubes with less than 3 % scattering of the data points. 
A theoretical line strictly based on equation (3.1) is also 
plotted in Figure 4.34 for comparison. This line represents 
a zero vapor shear condition witha, set equal to 0.655. 

Figure 4.35 shows a comfarison of the filmwise data 
with the correlation of Fujii and Honda (equation (Saag 
These data show good agreement with the Fujii and Honda 
correlation. [Ref. 40]. 

In order to determine the outside heat-transfer 
coefficient from the dropwise data, the Sieder-Tate coef fi- 
cients cEased on the Fujii-Heorda equation were used to 
predict the inside heat-transfer resistance using equation 
(35)-< 


C. HEAT-TRANSFER RESULTS FOR PCLYNER=COATED TUE. 


A summary plot showing the enhancement obtained fron 
dropwise condensation on the pclymer coated tubes is given 
in Figure 4.36. This plot is shown here because it will be 
referred to throughout this discussion. The plot gives a 
comparison of polymer coatings applied to thick-walled 
copper tubes on which steam 1s condensing at a pressure of 
85 mmHg and a vapor velocity of 2.09 M/s. A plot for fii 
wise condensation on a copper tube using the same insert and 


Sieder-Tate coefficient is provided for comparison. 


1. Fluoroacrylic Coated Tutes 


AS shown in Figure 4.36, NRL fluoroacrylic gave the 
largest enhancement of the outside heat-transfer coefficient 
of all the polymer coatings tested. An enhancement ratio of 


6.5 was obtained. This agrees closely with Holden's 
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Pmt oeeneto 25) £Ob 8a SaMailar NRL £Eluoroacrylic coated 
copper tuke. The dropwise quaiity was good to excelient. 
Coating thicknesses were estimated to be 2 to 3 micrometers, 
based on the endurance test results (see Tabie III). 

A comparison of the data obtained for the three 
thick-walled tubes at vacuum ccnditions is shown in Figure 
4.37. Dropwise guality was visually the same for all three 
tubes. The tubes with aluminugk and copper substrates gave 
basically the same enhancement. However, the stainless-steel 
tube gave significantly lower values for the dropwise heat- 
transfer coefficient. The validity of the data obtained for 
the stainless-steel tube is guestionable, however, based on 
the sensitivity analysis discussed earlier. rer tie. ¢ hitek— 
walled stainless-steel tube, the tube wall resistance is the 
governing resistance. Therefore, a small error in the wall 
resistance can cause large errors in the dropwise heat- 
transfer coefficient. 

Data were also taken for thick-walled copper and 
stainless steel tubes at atmospheric pressure. These results 
are presented in Figure 4.38. A 15 % increase in the 
enhancement ratio was obtained for the thick-walled copper 
tube at atmospheric pressure compared to conditions at 
vacuum. Although drop sizes appeared to be bigger, sweeping 
action was increased considerably. This was expected because 
of the higher condensing rate cbtained with the larger LuUTD 
at atmospheric conditions. Graham [Ref. 5] showed a Similar 
pressure effect. The sensitivity of the thick-walled stain- 
less steel tube results to a 10% change in substrate 
thermal conductivity is also shown in Figure 4.38. This 
demonstrates the importance in using thin-walled tubes when 
considering the effect of substrate thermal conductivity on 
dropwise heat-transfer coefficients. Atmospheric data were 
not taken for the thick-walied aluminum tube because coating 
deterioration was observed on this tube after it had been 


operated for several runs under vacuum conditions. 


a 


The results for the four NRL tluoroacrylic Coates 
thin-wailed tubes are shown in Figure 4.39. These data were 
taken primarily to evaluate the effect of substrate thermai 
conductivity on the dropwise heat-transfer coefficient, 
which will be discussed in more detail later. It should be 
noted that enhancements were significantly lower than those 
obtained from the thick-walled NRL fluoroacrylic coated 
tubes. This was most likely due to the added thermal resis- 
tance of the wash primer. Figure 4.40 shows that the drop- 
wise guality was basically the same for each of the tubes. 
The data runS were repeatable to within 5.0 % for all four 
tubes. After several runs, some Small localized deteriora- 
tions were visible in the coatings. This was because the 
tube surfaces were smooth giving poor coating adhesion. With 
the exception of the thick-walled aluminum tube, the tubes 
which had rough surfaces showed no signs of deterioration in 
the NRL £luoroacrylic coatings after an average of 20 hours 
of testing. 

The effect of the wash frimer on the dropwise heat- 
transfer coefficient can readily be seen in Figure 4.41. The 
tube without the wash primer gave an enhancement ratio of 
Gac, while the tubes with the waSh primer gave on the 
average an enhancement ratio or 3.5. This can only be 
attributed to the added thermal resistance of the wash 
primer since both the primer and the coating were included 
as part of the outSide thermal resistance. As aiso shown in 
Figure 4.41, substrate roughness has little effect on the 
dropwise heat-transfer coefficient. The differences shown 
for the three tubes, which had the wash primer, could easily 
be attributed to experimental errors or coating thickness 


variations. 
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2. Earylene-D Coated Tubes 


The quality of the dropwise condensation on the two 
Parylene-D coated tubes was classified as good. Enhancement 
GBaelos Of 3.3 and 2.0 were obtained for the 0.5 and the 1.0 
Micrometer thick coatings, resfectively (see Figure 4.36). 
Thicknesses of the coatings were determined by Lawrence 
Livermore National Laboratory kased on the deposition rate 
used for coating the tubes. This shows the importance of 
having ultra-thin coatings to cbtain suitable enhancements 
from dropwise condensation. The thermal conductivity of 
Parylene-D is about one third that of PTFE, which explains 
why such low enhancements were obtained even though the 
coatings were thinner than the NRL fluoroacrylic coatings. 
Although the thermal conductivity of the NRL fluoroacrylic 
coating has not been adequately measured, it is thought to 
be close to that of PIFE. 


3. No-Stik Coated Tubes 


The No-Stik (Al) coated tube gave little enhancement 
in the outside heat-transfer ccefficient (see Figure 4.36) 
even though good to excellent dropwise conditions were 
observed (see Figure 4.42). This was expected because of the 
50 pm coating thickness. This was an improvement over the 
Mets reported by Holden [Ref. 23] for the No-Stik(Cu) 
coating. This shows that the insulating resistance of the 
fluoropolymer used in the coating outweighs any benefits 
from the thermally conductive -Tase metal. Even though the 
No-Stik (Al) coating had a lower base metal thermal conduc- 
mevity than No-Stik (Cu), it gave better heat-transfer 


results because it was thinner. 


a5 


*payzeOD-OTT 





Coy MW> 7b 





ec: SceoaTrTureis ue ‘mnuTtTUnTy *13addo5 POTTCA-YOTYA 
O5257 yovor0NTE THN 10] Sq[nsey Taysuery-FeoH Leh SInbTd 


ge) ee aaa ©) Lae O 
ae QO 
! | 
| 32 1[PeeNny : 
- Soe 
! 
| | 
y” 
| ! 
fs az yz 
| | 
) | 
| | 
r 4 a9 
| 
! i 
| O 7 
| i SS v | 
ie TW o 7 0&8 
Ae) ave 
S77) OO -e = A [oreW 





5BHuw GB = d SBQn, ~oquKks 


Oot 


CH oH MD 74 


96 


‘aansserg OtTraydsonyyY 3e saqny, pazrPoD-ItTTAADeOTONTI 7 
“POTTea-YOTYL OF SQUSTITJJIOD Jaysueiy—-zesey astadoigq Gig 


CoM /MW) /B 





eyu O°l =AA 
CGHuw OSL = d 


UN 
n 


oe ST Sm! ty Seo Le eo ee eee 3 ee) 


— re 0 
, | 

| | G2 
l CBUYSM QI=4> SS ? J 

(OW/M SGTe4> Ss o 

| oe = ”” | 

| TSe3eW 

iz Sqn, [Toawhis ae 
| 
oo 

| fe : 

| a7. 
a (a 7 

| . x ! 

: a_i i 

| * | 

r a 70 
| 

: | 


ee ee 


CHa / MH 77 UY 


aianbty 


-yautid YSeM YITA Saqn], PeTTeM-UTYL 


*“pazRrog-oTTAIOeOINTd THN TOF SATBSeY uvotTPesSuapuoy astadoid 6€°h aanbty 


CoWYMW> /b 








9° O GS*O Var eee) au i 
— ——_ | 
r — —————__ 7 Git 

| 
> 02 
4 o€ 
+ or 

| | 
sl OS 
OS 

v 7 

: 

tw O 
: ao * a Gee O24 
Ban, LOguAs SBHuwW CGB = d 


O8 


CH s/s M? 7 OU 


98 


—=GG TINTS | 
“TaWTIg YTA Soqny, YyRooWs 


y 


SOOmee Ito 
pa}zeOD-OTT 


k 


azaddn wors 
r>deorONTA THN 


ISTAYOOTN) _aqny 
Jo uostazedwo5 


Oh th ernbTd 





oF 


"s}oOaTyJqT ssouyhnoy AOF pue TJautIgd YSeM ZNOYITA pue YRTA 


soqny, rzeddod pazroj-otTTAIWDeOTONTI TUN JO wostTredwoD Lh °t ainbty 


CoM /MW> /B 
9° O G*O Vv te) SG) cae) te 
— "ata ore 
——— dum suRno0ouse 
revel tT Se Lia TM = IAN du spe Tunu» 


da/y3tuS oze -# 
34145 av -# 


y 0700 


SOO SiGis 
Sem), Toque 


1... li)... 3 





2 —_ ee 2 ne 


SHuw Gg = qd | 


III esate 





O 
aoe 


OS 


GZ 


O8 


CH pW M4 7 OU 


160 


The No-Stik (NiCr) coated tube was not evaluated 
Since the coating thickness was also measured to be 50 pm 
and, therefore, less enhancement would be expected. Since 
the No-Stik coatings appear to be very durable and 
corrosion-resistant, an effort to reduce the coating thick- 


ness further is warranted. 


4. Emralon-333 Coated Tube 


The Emralon-333 coating produced good to excellent 
dropwise condensation as shown in Figure 4.43. The coating 
thickness was measured to be 13 pm (0.0005 in). The coating 
was still too thick to obtain any enhancement from dropwise 
condensation. A 20 % reduction in the outside heat-transfer 
coefficient was obtained compared to that of filmwise data 
(see Figure 4.36). The coating showed no signs of deterio- 
ration throughout the data run. It should be noted that even 
though the No-Stik (Al) coating was four times thicker than 
the Emralon-33, it gave better enhancement in the outside 
heat-transfer coefficient. This implies that a 5-10 ym thick 
Coat ing having a dispersion of thermally conductive 
particles might give good results. On the other hand, the 
coating must be thick enough since the thicker coatings are 


usually more durable. 
beweool LVer 


Coating thicknesses were approximately 10 pm for the 
two silver-electroplated tubes. The silver-electroplated 
surfaces were bright and mirror smooth, and were were very 
myarorphobic, promoting excellent dropwise condensation. 
There was no visible difference in the dropwise quality 
between the copper and CuNi tubes. This 1s shown in Figure 
4.44 with steam condensing at a pressure of 85 mmHg. 

Three complete data runs were conducted at a pres- 


sure of 85 mmHg for each tube. The data runs were made on 
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different days with tube removal between runs. An average 
enhancement ratio of 10 was obtained for both tubes as sSnown 
in Figure 4.45. Three complete data runs are shown for each 
tube. On one occasion, a data run for the CuNi tube gave 
dropwise heat-transfer coefficients that were 30 % higher 
than the previous twce runs. Although the tubes remained 
untouched during installation and handling, it was believed 
that the increase was due to some unknown source of contami- 
nation. The water for the boiler was flushed and replaced 
with clean distilled water. The tube surface was cleaned 
with ethanol, rinsed with distilled water, and re-tested. 
This time the data agreed with the data from the first two 
runs. It should also be noted that the tubes remained 
untarnished after a week of testing. The values obtained for 
the dropwise heat-transfer coefficient are in good agreement 
with the results O'Neill and Westwater [Ref. 21] for silver- 
electroplated vertical flat plates. 

Data runs were also conducted at atmospheric pres- 
sure for both the cofper and CuNi tubes. Heat fluxes upd to 
3.0 MW/m? were obtained. The dropwise condensation cbserved 
was far superior to that observed for any of the other coat- 
ings tested. Drop sweeping rates were extremely fast, 
preventing drops from growing mcre than about 2 mm in dian- 
eter (based solely on visual observations). The results are 
plotted in Figure 4.46. Enhancement ratios were found to be 
tetween 30-40 times that of filmuwise condensation. 

A large amount of scatter was evident in the data 
obtained at atmospheric pressure. This was a result of the 
large uncertainties that exist when inferring the dropwise 
heat-transfer coefficient from the overall coefficient, 
particularly when the outside thermal resistance 1S very 
Snall. Uncertainty trends are discussed in more detail in 


Appendix A. 
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Figure 4.42 Dropwise Condensation on No-Stik(Al) Coated 
Copper Tube. 





Pigure 4.43 Dropwise Condensation on Emralon-333 Coated 
Copper ‘Tube. 
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Figure 4.44 Comparison of Dropwise Pua rage on Silvers 


Electroplated Cu (cor) and CuNi (bottom) Tubes. 
P = 85 mmHg, Vv =2.0 /s. 
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See BEPFeC? OF SUBSTRATE THERMAL CONDUCTIVITY ON THE DROPWISE 
HEAT-TRANSFER COEFFICIENT 


In addition to evaluating the coatings for dropwise 
promotion, several important conclusions were made ccncernig 
the thermal constriction resistance. In particular, the data 
obtained from the silver-electroplated copper and CuNi tubes 
(Figure 4.45) support the view of Rose {Ref. 12] that subs- 
trate thermal conductivity has little effect on the dropwise 
results. The data shown in Figure 4.46 also support Kose'’s 
view if the uncertainty of the cata is considered. 

The data obtained from the four thin-walled fluoroac- 
rylic coated tubes (Figure 4.39) also support the view that 
the thermal constriction resistance effect is small, partic- 
ularly when polymer coatings are concerned. The data for the 
aluminum and the CuNi tubes were 20 % higher than the data 
for the copper tube. The stainless-steei data agreed within 
3 % of the copper data. Since the dropwise qualities were 
essentiallly the same for the four tubes, the differences 
are believed tc be primarily due to variations in the 
coating thickness. From a simple heat-transfer resistarce 
analysis, assuming a coating with a0.35 W/m-K thermal 
Conductivity (PTFE), ait can be shown that a 0.5 mm differ- 
ence in coating thickness can cause a 20 % difference in the 
dropwise heat-transfer coefficient. 

The data obtained from the thick-walled NREL fluoroac- 
rylic coated tubes must be excluded because of the sensi- 
tivity of the stainless-steel data on substrate thermal 
conductivity, which was discussed earlier. In addition, 
variations in the coating thickness must Le considered. 
Because of the thinness of the NRL fluoroacrylic coatings, 
accurate measuements of their thicknesses could not be nade 


with the facilities on hand. 
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Another important note is that the tubes tested had very 
thin walls (0.762 mm or 0.03 in). This would tend tomsnee 
the largest effect of the thermal constriction resistance as 


noted by Hanneman [Ref. 14]. 


E. EFFECT OF VAPOR VELOCITY ON THE DROPWISE HEAT-TRANSIE 
CCEFFICIENT 


The thick-walled copper tule, coated with wash primer 
and NRL <fluoroacrylic, was used to evaiuate the vagor 
velocity effect on the dropwise heat-transfer coefficient. 
The results are shown in Figure 4.47 for four different 
vapor velocities at the same ccndensing pressure. Tne data 
Show that the dropwise heat-transfer coefficient continu- 
ouSly increases with increasing vapor velocity. However, the 
increase in dropwise heat-transfer coefficient pecores less 
with increasing vapor velocity. This can readily be seen in 
Figure 4.48, which is a crossplot of the dropwise heat- 
transfer coefficient versus vaper velocity, for a 0.35 MW/me 
heat flux. This trend agrees with the results presented by 
Graham [ Ref. 5]. 


Fe. AN ALTERNATIVE APPROACH TO THE MODIFIED WILSON METHOD 


The accuracy in determining the dropwise heat-transfer 
coefficient, from an overall heat-transfer resistance anal- 
ysis, can be strongly dependent on the value of the 
Sieder-Tate coefficient used tc predict the inside heat- 
transfer resistance. During dropwise condensation, the 
outside heat-transfer resistance is small andthe inside 
heat-transfer resistance can become the dominating resis- 
tance. Therefore, a small error in determining the 
Sieder-Tate coefficient can cause large errors in the drop- 


wise heat-transfer coefficient. 
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For this thesis, data obtained during fiinwise condensa- 
tion was used in the Modified Wilson method to determine the 
Sieder-Tate coefficient. The primary reason for using filn- 
wise data was that known correlations for predicting the 
filmwise heat-transfer coefficient were available (i. e. 
Nusselt or Fujii-Honda). These could be easily used for the 
Modified Wilson Plot method. 

During filmwise condensation, a relatively large temper- 
ature variation exists around the circumference of the hori- 
zontal tube [Ref. 45]. Since this is the case, the 
Sieder-Tate coefficient determined uSing filmwise data would 
underpredict the inside heat-transfer coefficient. This in 
turn would result in larger errors for the dropwise heat- 
transfer coefficient. 

In order to get an understanding of the difference in 
the inside heat-transfer coefficient resulting from the 
circumferential temperature distribution, an alternate 
approach to the Modified Wilson method was attempted. In 
this case, the dropwise heat-transfer coefficient was 
assumed to be equal to a constant, independent of heat flux, 
in the Modified Wilson method. In addition, dropwise conden- 
sation data obtained from the silver-electroplated copper 
tube, condensing at a pressure cf 85 mmHg, were used in the 
WILSON3 data reduction progran. Iteration between the 
constant value for the dropwise heat-transfer coefficient 
and the Sieder-Tate coefficient was continued until ccnver- 
gence occurred. A value of C.0861 was obtained for the 
Sieder-Tate coefficient. This shows an 18 % increase in the 
inside heat-transfer coefficient compared to the value 
obtained using the Fujii-Honda correlation for the Modified 
Wilson method (C = 0.0702). The value obtained for the 
constant dropwise heat-transfer coefficient was approxi- 
mately 46,000 W/m2K. This value is about 18 % lower than the 


value obtained using the Sieder-Tate coefficient based on 


the Fujii-Honda correlation at the highest heat flux (see 
Figure 4.45) and, as can be seen from the Figure, a larger 
difference in the dropwise heat-transfer coefficient occurs 
at the lower heat fluxes. Thus, there 1S a significant 
difference between the results obtained from these two 
Modified Wilson methcds, and a thorough investigation is 


warranted to determine which method iS more accurate. 


A. 


V. CONCLUSIONS AND RECOMMENDATIONS 


= eee Se cee ee —> eh ce ee ee eee ee 


CONCLUSIONS 


1. 


Hetngeio-otim) EMEdlon-o-¢5, and NRE £luoroepoxy coat-— 
ings, dropwise condensation was promoted in excess of 
le coOO hours. However, for these coatings, enhance- 
ment of the outside heat-transfer coefficient is 
limited (0-2 times filmwise) by coating thicknesses 
Mien weresdredater than, S.0 um. 

Using NRL fluoroacrylic coatings, dropwise condensa- 
tion was promoted in excess of 9,000 hours on rough 
substrate surfaces. Outside heat-transfer coeffi- 
cients were enhanced by a factor of 4 to 8. 

Using Parylene-D coatings, dropwise condensation was 
promoted in excess of 5,500 hours. Outside heat- 
transfer coefficients can be enhanced by a factor o£ 
2 to 4, depending on the coating thickness. 

Using vacuum-deposited gold coatings, dropwise 
condensation was promoted in excess of 8,000 hours. 
Excellent dropwise condensation was optained with the 
Silver-electroplated tutes. Outside heat-transfer 
coefficient enhancements of 8-12 were obtained under 
vacuum conditions, and enhancements of 30-40 were 
obtained at atmospheric conditions. However, the 
uncertainty in the results must be considered when 
large dropwise heat-—transfer coefficients are 
orktained. 

Dropwise data obtained Irom silver-electroplated 
copper and 90-10 CuNi tubes provide further evidence 
that the effect of thermal constriction resistance on 


tne dropwise heat-transfer coefficient is small. 
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A uniform grit-blasted roughness provides the nechan- 
ical interlocking required between the coating and 
the substrate for good adhesion. A coarse Jian 
(number 40) gave the best results. 

A wWaSh primer or gold subcoating greatly reduces 
Substrate corroSion, which significantly improves 
coating endurance. However, when a waSh primer is 
used, a trade off in heat-transfer enhancement must 
be made. 

Variations in coating thickness have the largest 
effect on outside heat-transfer coefficient enhance- 
ment when polymer coatings are used to promote drop- 
wise condensation. 

Thermal stresses can cause failure of crosslinked 
polymer coatings by causing cracks to form, ieading 
te further deterioration. 

Surface roughness has little effect on the dropwise 
heat-transfer coefficient. 

The dropwise heat-transfer coefficient can be 
improved with increased vapor velocity. Above a 


velocity of 6 m/s, further improvement is nininmal. 


RECOMMENDATIONS 


ie 


Evaluate the change in the dropwise heat-transfer 
coefficient after prolonged exposure of polymer coat- 
ings to steam condensation. This could give some 
measure of the added thermal resistance from water 
absorption and substrate corrosion. 

Re-evaluate Parylene-N ccatings using proper surface 
preparation (roughness, frimer, gold flash, etc.). 
Investigate the plasma (glow-discharyge) polymeriza- 
tion coating technigue as a possibility of applying 


durable PTFE ccatings. 


Evaluate durability and heat-transfer performance of 
polymer coatings which are 5.0-10.0 wpm thick and 
which have a Silver or ccpper matrix mixed throughout 
the coatings. NRL fluoroepoxies might be suitable. 

In order to improve coating adhesion, evaluate 
effects of different chemical cleaning compounds and 
acid etching of substrates. 

Re-evaluate thin-walled tubes, with different thermal 
conductivities, coated with NRL ElUOTOACBy LC 
excluding the wash primer for thermal constriction 
resistance effects. 

Continue research into the use of the Modified Wilson 
method to obtain a suitable procedure for determing 
the Sieder-Tate coefficient for dropwise condensa- 
tion. Use a dropwise-precmoted, instrumented tuke to 
oktain data for calculation of the Sieder-Tate coef- 
fPrerent “directly. Compare this result te thcse 
Obtained from filmwise condensation and by using 


different correlations in the Modified Wilson nethod. 


UNCERTAINTY ANALYSIS 


An uncertainty analysis was conducted using the Kline 
and McClintock method. The détails of this analysis was 
given bv Georgiadis [Ref. 41]. The same "ERROR" program was 
used with some minor changes. A listing of this program was 
also given by Georgiadis [Ref. 41]. 

The primary change in the program was to include the 
discrepancies found in the values used for substrate thermal 
conductivity. A teh percent uncertainty was assumed for 
substrate thermal conductivity. Other changes included the 
mixing chamber calibration and the Sieder-Tate coefficients. 
Values obtained during this thesis were used in the progran. 
Error bars shown in Figures 4.36, 4.39, 4.45, and 4.46 are 
based on the results obtained from the ERROR program output. 

When determining the outside heat-transfer coefficient, 
from the overall heat-transfer coefficient the controliing 
(largest) thermal resistance contributes the largest errors. 
As discussed earlier, for thick-walled low thermal conduc- 
tivity substrates, the wall resistance can control the 
process and small errors in sukstrate thermal conductivity 
can cause large errors in the cutside heat-transfer coeffi- 
cient. As also discussed earlier, the inside heat-transfer 
resistance can become the controlling resistance when the 
condensing mode is dropwise. This is why the importance of 
obtaining an accurate value for the Sieder-Tate coefficient 
was stressed. The cooling water temperature rise measurement 
is also a Significant source of error since this is used to 
determine the overall heat-transfer coefficient. As shown 
in Figure 4.36, the largest errors exist at the low heat 
fluxes and increase with increasing outside heat-transfer 


coerficient. 


APPENDIX B 


COMPUTER PROGRAM USED FOR WILSON PLOT DATA REDUCTION 


The following pages contain a listing of the computer 
program (WILSON3) used to determine the Seider-Tate coeffi- 


cients with the Modified Wilson method. 
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Waly 2 
CNTcrR 71 
CU Se 


Po aes 


ENTER 7ioe ee 
Pe eae ee 
SLESAR 713 


ZESD 
ENTER 
SS 
1Sat==Tusviene ()) 
TreeNTvew Emel}? 


DATA -ROM 4 JSER-SPECIFE: 
teple:Svol.tamo.r trance 


brad="NGraat(T1+72)<.5) 
To=Tir+4ABS (2 20)0/(10*Grag)*1.2-5 
tr Jy SRE: 

Srizabsctiett) 

POINTES IS | 

SE il eee Gere aye =p 
PR ie Ss LNG a: ah 
TF Zet>.5 SHEN 


TURE Reta eee 


so Ce =a 
i l 


cnreal ed —— 
— | - = 
s 


- — = 4 


SHIPUT GUDE 


oEmn Gee .e ma eee 


ao Os ieee 
(OOo D oe 


free 


Cet? ia 


VAah) Sine 


ze 2 GC. Atle. C a Sese. 

sis 

THPUY “SK 10 SO Sqbso l= 

SND TF 

Se Tr eS ale OT wie 2h 
PR ONT US 2G: O°" 0 1. een Ses 
TF Okt=9 SND Er!>.5 TREN 3779 

Pe a5eS CCT l= 7 Ht Poon Oe =i 
tr zr l>.US “RES 

BE=> 

PRI SGT AND) f=2 te ose See 
oe] 

wel — 

ENPUT “OK TQ 3 A=HESD 


eS eee =o 
END I= 


PRINT=2 IS 701 


Ok 2 
‘ Nu o& 
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(Tm) 


— 
= 


? 





Bo ot) 
“500! 
2649 
2629 
Be 4) 
2Sal) 
2S5U 
2660 
2570 
2630 
2eo0 
2700 
27 1-() 
pa! 
373 30 
27 41) 
a7) 
760 
7 
2780 


peal) 


2300 
Boa! 
293 


2240) 

foot 
260 

370 
z 2299 
399} 
Eeg2 
=9'20 

200 
3440 


— 


pa) 
9490 


a= @ 


-94at 
eo) 

#251) 
2370 
2231) 
aU 
3000 
end 
E20 
auic ! 
gee 
St aae 
aUc0 
34h 
Busy 
3850 
si? O 
3030 
302) 
3700 
37170 
a 130 
3140 
BS 


=ND I= 

CALCULSTES "“=E  OG-EAM- TEMPOS ATURE JTFFERENCE 
poe icue > (Hel! 

Tat} 

Tl=72 

eND =F 

Paaescme. el 

Tre} 

TL=To 

Se 

IF Ttm=2 THEM 

ewer eh), 5 

ee iD) aS 

END IF 

Tavares +7 1 jee S 

(rise="i-ir 

Lmtasirrse/LoG( Cisat-17)/(Tsat-il)) 


ones (how 1474) 
Kw="NKis( Tava) 
Muwas Muu ( Tavg) 
Pru=FNPriut Tava) 
Mdt=!.)420! 


SE-2+5.3092208-3<Fn 
Mag=Mdt=(1 .OSES-TF-(1 .96544E-3-TF£5.252E-5))/, 995434 
Gees (Show 
VyaVF/(P TAH, 2/4) 
TF Inn=i “HEN Trise=trise-( .0O1S8+.0U01<-Yu 2) 
IF Inn=? THEM trise=*rise- .N044Vy 2 
IF fanv2 “HEN Trise="rise-¢(-.J0'2+.90235"Vy 2) 
IF tnn=3 THEN Trise='trise-(- 0017+. 9045-Vy 7) 
te Enm=4 (HEM Trise='"eise-6-.J0l'+ yOC4eVy 2) 
Q=4q-Cowe' rise 
p= g/(PL-)a-) 
YorQo/Lnra 
es =YhoweV/y201/ Miwa 
rei sti 
peo" 
ores; 
lwo*'sat7> 
Thoin tsat/sriwors/s 
KPS"MKuy Ti pia 
Rhor="NRrow( Tf iim) 
Mur ="'Muud tt idm) 
Gees gaaisar? + osee Cou) fiim)=!Teat-TW9) 
eee ROT fe (99H fap / (Mis -o-0))*. 35232 
tr oct! ‘Re? 


Mawar t-F 09 


a ei 


qo=, 6 4=nay 


Meee Cimwoc-ivo)/tuoc)>.30! - REM 
TWO WOR 

Ji 2979 

ti 92? 

ol ee 

Jmega=Re .9+"rw*.3333-C7 
Hiesw/D1-CiOneds 

fee dati) =O} ) 

eee Meee ()2) 
eee Oy ya Cpa be 


Het 


££ 994H4F aps fo) .25)<¢¢Mut=Bo7 (- 2375) <0 Rhot* 325) 40Uy 


ess 


LOCO 4 T1 
Coownao 


ICID WILY 
iii 2 


3490 
S410 
2429 
343 

3440 
5459 
2460 
3471) 
34330 
ooo) 
2500 
Soh) 


aC. 
gw 


5a 
2540 
aos 
226) 
oe) 
4E5q 
poo) 
2600 
Lo i4) 
[be 
Con 
264 
aba 
seq 
sae 0 
365 ‘9 ) 
36395 
3700 
Frias 
mire) 8 
3720 
tos" 
3730 


pea 


§$2=(D02-9J1). 92 b-(O1 -0e%= 5 
MtecHper'/tKouest)) 3 
MP=(H1*O2/ (Meme G2)) 15 
i="“Nfannt(M! «i! )7CNTH=L 1) 


iD f 


Pezg=FNiannt 2-207 (2-02) 
Ot=O/ (PLO, eC L +h! Fa} +L oer a2) <41) 
Cre=CMiua/FE NM ¢ TavatDt) re ac4 


IF ABSC CC Fe-CF)/Cie)d>.3t THEN 

Cp SUG erie es 

GOTO 3100 

END fF 

X=Do*Newet/ (ImeqasKuet( Lt! sre] +Loera?)) 
Y=New<e(1/to-<m) 
CUMPIUTE SOU E R= ei 
LF Jo=t THEN QUTPUT 
Sx=5ur< 

Sv=SyrY 

SKS=SuSr XX 
SxveSxurxeY 

CIORE RAW DATA IN A USER-SPECIFZIED =ILE LF INPUT “ODE “Cina 

IF tm=1 AND Jr=9 THEN QUTSUT =F i le:8voi.Bamo.Ptran.irp.cmr(*).7m.71. 

TF Jy=9 OR Up=l THEN PRINT USING °3X.S¢(2K,30.90), 20230 see ae 


4 


4 


FOR THE LEAST-SQUARES-SiT STRAIGAT Line 
mF ylea:x.yY 


ip LA=) SND Jy=) = HEN 

[INPUT “DO YOU HAVE MORE DATA (ts .0=N)d 7?" Govan 
Nrun=J 

F oe on=! THEN 1970 


tes erase 

te 24Meun THEN 1370) 

El Des 

Sl=¢Meun=Sxy- Sve7S4)/(Nrunesxs-Sx 2) 
Ae=(Sy-S1leSxd/Nrun 

Ciera 

oma cee 

[Se igoe “THE! Jp=2 

iP Re ote es -)/ Cie) >), 00) maa 

Cite Ol S 

PQ? YSING “10X.°" intermediate Sisaqer-'ate coete ty eee 
Gia mc 77 oy) 


me to.s 
—— om 


TF Jo=)) TREN JUp=! 

FMD TF 

tr gps! TREN 1740 
MAR 


GisteieCre 5 

oO A, 

OT) UStIG “10%. “9 Siveder= «sa ct] Feners re ene oO Leo 
OP IMT 

SOE USiNG “UA, “2saesrs= saquaras Vln ae 

PR ttl) WSaNG = ke Soe ap UE Pe ae 
Sate sta tee se00 = ee = see sage) te 
Port] HS eiG (lize Soe SES De vi So SUES He 
Cees 

Tro oIm=l THE? 

BEE= 


>QTT USING “"OX. "NOTE: “'.CZ.°" data cuns ace =t6rea om eh pie 


be 

P2INT USING “t0x.°"°NOUTE: Above analyeis Jas Sees orgeensas 
Pore yiss 

END IF 


in file : 


sd 
fu 
ct 
pul 


37 4G 
3750) 
3750 
a7 i) 
3730 
47720 

SOO 


231 () 
2279 


3939 
3840 
3850 
3850 
po 
3680 
Bool) 
33906 
bot) 
Bo20 
3939 
2941) 
Bo 
3360 
Bot) 
3980 
P90 
4000 
4910 
4020 
4021) 
A 4y) 
Gy 
460 
at 7 () 
4130 
41)90 
it) 
Aa G 
4129 
ube 
414) 
415g 
4160 
4170 
a 4730 
41930 
4290) 
4270 
a) 
4220 
42 4h 
ay) 

4-50 


42/70 


seeeeys | 


eR aT UST; Sonera: cal 
ASSIGH write 
BSS 76H 
SND 
JEF = lRhowtT? 
ag='/f08.35724-" <« 
RETURN Ro 

rHEND 

DE= FNPry(7) 
Pru="*]Comw( 7) «Fe MMuwd 1) /PNKut T) 
RETURM Pry 

FMEND 

DEF FNM T) 

224753701 +132.15) 
Mu=2.4E-S-10°A 

QE TURN Mi 

FNEND 

DEF FMKwtT) 

Meee os 15) / le els 
Rees 22c4/ +X (2. goto Hh es | 
RETURN Ku 

SVleniD 

DEr FNIivevemr) 

Sone, Ces Ct/> 

T=C(Q) 
mei Leh 
eae <1) 
NEXT 
T=1+4, 79 
RETURN 7 
-NENMD 
DE= SNCow( > 
Cowz(a, Bea 2032057 
RE URI Dly 
SiletD 

DEF “NT7ann(x) 
Bae «Xx? 
ame 6 = ¥ > 

emma +})/ CP -1)) 
RETURN Tann 

e NESD 

DE= FNGraal:) 
aM p Gey Ges) 
Grac=27. 3385 57,1 04388<-' 


EET ars scored (nN 


ms 
tit 


uitep TQ + 


odes) (seo mee ge a * 36 SS 


= 


))4E-a) ) 


PS) == o2o/7 = 507 ,444%))) 


ar = 
0) ee 
Sao A 


ft 
faa ~ a = “~ vay ee ot =P 
83GB 2E-stte 7  O92S24E- 5-3. 


ae ad 


eo Oe a oa sl 


11 323E-7)))«1N00 


SE URN Scaa 

Belt 

DEF =NRust(T) 

Baap sodri<(/ .0945i-T-1.5S53Nsb-2) 
RETURN = 

FMEND 

DEF FNHFa(7) 


4#4=2477200-2 
RETURN #4 
FNEPD 


45nN<( T-'f)) 
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COMPUTER PROGRAM USED FOR HEAT-TRANSFER DATA REDUCTION 


The following pages contain a listing of the computer 


program (DRP5) used for data acquisition and data reduction. 
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1009! 
mS? 
ipo tt 
nO15 
129 
fies 
iv 3) 
[035 
1049 
1045 
1050 
10355 
1n60 
10565 
1a70 
1075 
1osy 
1085 
1990 


—-» eh oo e: — 2 2 
COCs (== 


WoWouwod 


et ee | 
W~ W’~™sMAAIWUICA eR |S 
ASOe Wa US 


nw 


Oo 
n 


a 
\ 
ei 
4 
' 
4 


FILE NAME: GRPS 


REVISED: De tO02 see oe 

mae Gee AC 7) 

DIM emt (1G) 

Meow. UUB6087 25727 294259..-75;7 sae 2095. 78025595.37 
DATA -924748 6539.5.5768 BE+11.-2.561592E7+13.3.94078E+14 
READ Cl) 

Oy= 0 te7 Peirce aamerer af) 52st cube 

Do=.01905 ’ Wutside diameter or test tune 
Dt=.901305 ies taeedlanmeter of cne inlet snd 

bas tSe7s ' Ourtsidae diameter o* the outlet ena 

Vss p=. a ae ' inside diameter of stainless steei test section 
Bar oo Ss ’ Conaensing ienatn 

4x= Eee ac ay es 

te} SSD onde nae b= nein 

Pe uboS25 ont caonge son Lena - 

Ees2024925 f Quciet ena “fin Lenartn” 

Kew= so! MEInerhal conmaulerivyicy of Copper 

PRINTER IS 

BEEP 


meso tila ots  celecr oDtion: 

PRINT USING "6X.""0 Taxing gata or re-orocessing previous dara”’”” 
Pei ustiG 34. °° Plotting Srevious data’ ” 

PRINT USING "OX, Ree Labeiiing’’” 

PRINT JSING ee retool eas og 

INPUT Lsa 

tso=! Usorl 

fee tag>1 THEM 33s 

mein to 704 

peeck 703 

Sec? 

INPUT “ENTER “ONTH. QATE AND TIME CHM:OD:HHiMM:SS)". Dares 
Oey 70S. “lsetes 

Bee Te. TO 

Biles (Je vates 


PRINT °° Mominteicale and time < “~Dates 
ORINT 

melt oa iGe UX, IGle: Proaram mame :; JRES””” 
BEE- 

BHPUT “Smijer SISK “MBER” .DOn 

See IS tNGe «6A. Jisk mumoer = “~".0D0':Dn 
ee 

Siem “S"7TEex whiPUy “MODE (0=3054A.'== tLe", in 
SE=> 


eerie. 15 | 
Sees IGe UX “Sseiece tupe yai! =yvyoe°*" 


eetil USING “~4X.°° 0 fhierwar! 1 ea 
Poet Ls 

pas 

oR iNT 

Seely HStnG 240° "Select ootron:'”” 

PRINT USING “4xk."°" = ee y oiegaace 
Ae Lt 

Se ftc=) THEM Do=.91305 

Meee pc =P el Do=.) i 42 

ao 

poy PAL Yor ‘Is aot . Ene jar + material 2oge0 
PRINT USING way 9 Copper Ly Stevnless) stecl >" 
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i OG Pol): 


-e*— —35 ~2 


HOI CO OD G) WOO 00 OI GD 


SVOuNACN 


BSuIoeoNiisaKioveviwaech 


ICILIG) 
a | 
A 


1470 
ja75 
1460 
t 4435 
. 490) 


LA OT AST E> 
as alee Kp eg 
MaADINADUWI 


“cn 
f.s 
aS 


Sie Cs CIN < 


-~—~—_s —e eB. 


asa ee 
PND ACAD CAA AANA 
= 


——- = 


INSTI MN NINN we £O)GIT 3 


ADA GSVUIG UI 


cs hk mo 


ms oO 
U1" 
OG Wt 


RINT lS elG “SK? Sie pie eel 
TNPUT Pac 
tr cmce2!) PREM <ecu= 385 
IF Imc=} THEN Menw=*6 
LF Ime=2 TREN <cuzt67 
IF Ime=2 THEN Kew245 
ir lmac=! TREN DJi=e.dise 
iF Ime=2? THEN 012=.013521 
RPm=DJo*OG(Do/Did/(aeKeu) ' WALL RESTSTANCE SASED IN QUTSIDE AREA 
PRINTER 2S 701 


umeine | 
IF Im=1 THEN 
cea 
INPUT “GIVE 4 NAME FOR THE sek SAto 0 eee see 
PRINT USING “16X.°"%Fiie name ge 7 ae 2 ee eS 
CREATE BDAT D_fF:rlesd.15 
SSIGN 3Fiie 70 D0 files 
Tfg=4 ' Smootn tupe 


Beet 


CUPUT “EMTER INSERT NUMEER CO0=@ StiSan eam 
NUTR Tar: te lta fam. s 

af ate 

INPUT “EAITER PRESSURE CONDI? LU) Cl= 9 =o) oe 
els SE 


pase 
INPUT “SiVE THE SAME OF THE EXiS) cuG gale. Se 
PRINT USING “16X.""TAis analysis was oerformea for gata in file a, OR aoe 


BEae 

LUPUT “ENTER THE NUMBER JF RUNS STIGRED sirun 
Bie = 

CIP SER 2S Re CURE CeND LT ell Cl =) a, 2) toe 
ASSIGH we pie “OQ Borie’ 

Ether bee es oh ee 


HDage— 
ip .to=! TRE} 
con 
ENPUT “NANT TO CREATE A FILE FOR Ur ve F Cie¥ D202, Ine 


INPUT GIVE Y NAHE -OR fr vs F FTLi”’ pes 
pee STz= SPAT Nr-3.2 
ASStan aNre 70 Ares 


eS. aaer 


gear 
TNPUT “SNTER QPiTOM ()99C) . = i915 eta 
Ltmeilimr: 
iP oftm=! THEN POINT YSING ““Sk.°°TSis amalysis wees) eee eee 
TF itm=2 THEM PRIM’ USING “15X.""'hie analysis uses  —-=2°8 Peace 
TF ttm=3 "HEN PRINT JSING “46%. ""This analysis ses average of JO) nome 
Ac ineasieo 
PRTHT JSING “'8k. °° "his analysis ineludes SnGg=- ta) -=c ce 
TIF Inn=2 AND Ime=) THEN Ti2.07092 
DE (lnm aD ome s st tee ae ed 
Pe lanm eon o ezine 
Tr inn=4 "REM f1=.374! 
SOTNT JSING ““sk .°"Steder="ate coer =e sen =O ae ee 
PQ SS 2G ox 2°" inser amigas 2 SD oe 
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- 
-42-~ = 
= 
= 
= 
- 


norms 


TrTsCACN 


G1 (IO 


--= —b 
~ a 


BIOS 


If = 3+ 


9 ce 70 Co KD 


ADIN S 


--@ 


( 
iE 


~ 


BEE? 
INPUT “GIVE 4 NAME SOR PLOT DATA FILE’.P_fiies 
2 


CREATE S3DAT 2P_*11083.5 
ASS EG ywriep i P_rites 


BES 
INPUT Seo ie VES pete =Sh0Ri i= NG)” | lov 


Tovelowerl 


B=) 

apse) TED] 

PRINT 

Pease! PREM 

Peay USING “i0OX.""O0ata Vu (JO Ho ‘JP 


et eesoenG “TPA. = kms) (W/m 2-X%)CH/m 2-K) 8 CW/m 2) 
Buse 

PRINT STING “"OX.""Jata Vy VO 49 

PRINT USING “10X, = (m/s) Cam oat Cn? eee 


END IF 
END [Ff 
7x!) 
Zx22N 
Lxy= 
cy= {) 

3 « 2!) 
Sy =f. 
Sxs=h 
Sxyv=f 
Go_on=| 


Repeat t* 


ak 2 =| 

Je J+ 

LF oIm=! THEN 

REE2 

ieee weer 7 Cae. MG LONCENTRATLON Ci=7 Yat)? Ale 
aa 

TMPUT “ENTER =LOWME TER READING’ en 
BUTPUT 709:"48R sFSD ALS3S VRS" 
NUTPUT *,OS:"AS sa” 

Stiter (70-2 2p 

ee Se 

INPUT “CONNECT VO tAGe ses le 
DOTEM 708. As SA" 

={TER 709:evoi 

eae 

ENPUT “SISCOMNEST VOLTAGE LINE” 
BHUTPUT 709:"8S SA” 

Ses 7 09<¢/tran 

DUTPUT 708;"AS SA" 

SNTER 709:2amo 

DUTPYT 709:"AR AFZO ALZ4S VRi" 
-OR [=0 7H 4 

NUTPUT 709:"AS cA" 

te 6X2 THE 


Seal) 

Ata) {0 
ENierR 709; 
Sestetk 

MEXT K 

ent ¢{) 24BS(Se/it) 
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yy 


Gms ea) eee 


3p 
(W/m 


=) 


tes 
Cone 


OC 

385 STER 709; 
390 Seco 
895 END ir 

900 NEXT I 

S05 OUTPUT 7392" 3s" 2a. 

$70. DUTPNT 74322" 41 Rese 

31S WAIT 2 

S20 VENT SR 7 isn 

[OOS Ue c7 os OR eee 

1330 WAIT 2 

13395 ENTER 713:T2 

194)" “OUTPUT 7132 Tiree 

1945 WAIT 2 

1950) “ENTER a7 133i 

1955 Frachii+7(2)e25 

1960 QUTPUT 713:"T3SR2e" 

1396S. [F Vla=)) THEM 20S0 

1970 BE=P 

1975 INPUT “ENTER MANDMETER READING CHL.HR.YRKD YH] ar Hr 
13980 BEce 

13985 INPUT “OK TO ACCEPT THIS RUN (1=Y=DEFAULT .9=N)" Ok? 
19030) [Ff Gee=)0 17EH 

1935 J=J=! 

2O0C09 GOTe 1720 

S505 eee (Dee 

2010 Phagsdl+tHr 

2015 Puwater*4r-dru 


LOCOS SEESE 


ee 


2025 ENTER wFeiie:3vol.Bamo.Vtran.ztp.far($).cmar tt) emer (2) Emr (3) emt (4 


Ser Na.eWater 


2030 SP oe) IR 2=20 IR w=llrun eae?! 
2035 Na=i 
2740S ose 
2O45 Na=t 


2950 END IF 

Sloo ellie 

2360 Tsreame-Ntvsov( (Emr ())eEnmr(i))*.52 ' COMPUTE STEAM TEMPERATURE 
2065S Troom="NTvsvcEmer (3)? 

2979) TeoneeNTvsvtimr¢4)) 

eS Psat==NPuscz( cS cen) 

COS0 ) Romnors 2525-42. =( 1o0m-25.55)7 50 

2085 Rowater=“NRhowl Troom) 

2990 Ptaest=(Phar"ona-HwatersRowater)*9./99/1000 
2095) Prmm=9*e562/133.522 

2130 Pkm="teset<! 2-3 
105 PhssPsatrel cn. 
10 Pkt=erks 

118 Tsarz=="Nivsot(Ptesr) 
29) VYst=esNVusttisteam? 


icD) «6Ppng=(Ptesr--sar?/Ptest 

Pe Pesse= teen 

i 3 itf nasal/ (1i=13 915/239 597 -"sat/ (Ptest---cau 
140 Vfna=Mfna/(i.608-.50844f na) 


45. Mfng= =4f nq#100 
SO Vfna=VFna=100 


Jibs pabspot solo hsfo fupolofpol 


! 

1 

[Ss BE2- 

1SQ IF fov22 THEN 

Sa 225i 

170) «6 PSTNNT USING “TUX. "Daca sere annoes se SD Deere 
1 


7S OUTPUT 703: °AR AF20 ALZO VRS © 


t 
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2:90 
Boo 
21390 
2195 


2290 
Ma 
2205 


Oe 702. AS SA” 

END IF 

IF Tov=2 AND Ng=! THEN 
Bele USING “10x, ~" 


Psat Ptran Tmeas Tsat N 


PRINT USING “i0X.°°° <mm) (kPa) (kPa) (kPa) (C) CEs Molal 


Beebo liG 10X,5¢63D.00.24) 2°30 .0D.2%) .2¢83D.0.2X)" :Pmm.Pkm.Pes.Pke.Tste 


ameisat.Ving.Mfng 


ee! |) 
mats 
2220 
Beco 
2250 
2235 
2241 
2245 
2250 
Be 52 
2260 


PRINT 

END IF 

ieeetrde.o PHE! 

BEEP 

IF Im=! AND Ng2l THEN 
Beer 


PRINT 
PRINT USING "{0X,."°Energize the vacuum system °°" 
Bear 


INPUT “OK TO ACCEPT THIS RUN ¢12Y.02) 2?" ,Ok 
IF Ok20 THEN 

pees 

DISP “NOTE: THIS DATA SET WILL BE DISCARDED!! " 
WAIT 5 

GOTO 17490 

END TF 

END IF 

END IF 

IF Im=! THEN 

IF Fm<10 OR Fm>100 THEN 

LFm=0 

bese 

INPUT “INCORRECT FM (12ACCEPT O=DELETE)” .Ifm 
IF Ifm=0)} THEN 1730 

SnD ir 

END IF 


' ANALYSIS BEGINS 


Ti=FNTwsviEmt (2)) 

orad2*NGerad((T1+T2)+,.9) 
To=711.+ABS(Ertp)/(10*Grad) #1 .0+6 
Er!=9BS(T1-Tt) 

PRINTER IS i 

PRINT WSING “TT (QCT) sa eoD = 2 it 


Bren USING “sti (TC) =O ect 

ie eecl oso PREM 

BEET 

a Se@ieeNO iG DIFFER oY MORE THAN 0.5 ¢™ 
Rigen. OK 10 GO AHEAD «1=Y .0=N)?”" Ok I 

EtD: LF 


ee WSLAG "OT «QCT> a ODeeD se teait 
PRINT USING “““OT CT-PILE) = “".0D.3D"%:To-Ti 
IF Okt20 AND Erl>.S THEN 3370 
Er2=ABS(¢(T2-T1)-(To-Tid)/(T2-71) 
IF Er2>.0S THEN 
EES 
at "OCT AND T-PILE DIFFER BY MORE THAN SZ" 
EEF 
INPUT “OK TO GO AHEAD (12Y.04)7" Ok2 
Bee AND er2>.05 THEN 3370 
=| é 
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2465 PRINTER 15 701 

2470 =F Itm=t THEN 

207 S07) elena 

2480 T2o#T2 

2485 END IF 

2499 IF Itm=2 THEN 

2495 Tlist: 

2500 T2o=Ta 

25050 ENDIF 

2510 IF Itm=3 THEN 

2505. “tiers S35 

2520) T20=!T2+To)*.5 

Zoe END IF 

2530) Tava=(Tli+T20)#.5 

2535 Cow="NCow( Tava) 

2540 aeueny Bnew ee) 

2545 Md=1.0480SE-2+5.380932E-3"F m 

2250 eave 0265-1! .36644E-3"111+5 ,2526-5=(1192)7 .3254co 
2555 Mf =ttd/Rhow 

2550 Vu=Nt/(PI+01°2/4) 

2565 IF Inn=) THEN T2o0=T2o0-¢ .0138+.001 Vu" 2) 
25709 IF Inn=! THEN T20*T207-.004"Uy~2 

2575 «=3IF Inn=2 THEN T2o=TZ0-(-.0012+.0028"Vy 2) 
2580 IF Inn=3 THEN T20*T207-4(-.0017+. 9045 "Uy °2) 
2985. IF .Inn=4 THEN T20=T20-(-.0021+.0024"Vw" 2) 
2590) = Q=Nd*Cpue(TZo-TI1i) 

2595 Qpe#/(PI=Do#t) 

2600 Kuw=FNKw( Tavq) 

2605 Muw=FNMuw( Tava) 

26:0 Rei=*RhoweVy)1/Muw 

2619 Pru#FNPru( Tava) 


€20 Fela, 
oe 3 Fa2="), 
25350. CF. 


2535 Qme=Re1>.3*? ru’. 3352 

2640 Hier Duatcisimese; sae) 

2545 De=zd/(PLeDietLe+Li Fel +Lo=r ed) svi) 
26350 Cfe=(Minw/FNMuy( TavatDt))° 14 

2655 [FP ABS! Cre-C ed 7Crc)> Oo Het 

2660 Cfr=(CFK+eC fod e.5 

2565 GOTO 2640 

26709 END [F 

2675 P1=PT-(01+01) 

26380 Al=(D01-Did=PL#(D01+Did.5 

2685) NtaCHiePt/(Keusat)>°.5 

2630 P2="[(D01+02) 

26395 A2=(02-D0id-PT*<DitD2)".5 

2700 M2=¢HieP2/(Keu282)) .5 

2705 Fel=FNTanh(Mt-L1)/ M1 si) 

27190 Fe2=FNTann(M2*L2)/(M2*L2) 

2715S) DtcwO/(PT*D0ietLeLierel +L2eF a2) Hi) 
2720 «=F ABS((Dtc-Dt)/Dtc)>.01 THEN 2649 
Ce Latd=(T2o-Tiid/LUG(<(Tsteam-11id/(Tsteam-TZo))? 
27390) =Uo=0/(Lmta=Pl-Doet) 

2735 Hozl/(t/Uo-DowL/ (Die LeLl Fel e+L2=Fe2) -rHt1)-Rm) 
27490) =Hfq="NHfa(Tsteam) 

2745 TwozTsteam-Jp/to 

2750 Tfilm=Tsteam/2+Two/2 

2755) KF =sFNKu(TFilm) 

2750) Rhotf =FNRhow( Trilm) 

2765S Muf=F Muu TF i lm) 


ee 


015 


Hpq=.651 «Kf=<(Rhor ~299.31 Hf g/ (Mur *D0rNp) 2*.3333 
Y*Hoqeiip .3332 

X=p 

Sx2=Sx+X 

Sy=SyrY 

Sxs*SxstX72 

Sxy*Sxy rx 

01=500 

Gloss731/(100-25)"« Tsteam-Troom) 
Hf c=FNHF (Toon) 

Hf =FNHF (Tsteam) 

Mdv =i) 

Be=<(Bvol#!00)"2/5.76 


Mdve=((Bp-Qloss) -Mdve( Hf -Hfe))/Hfg 


IF ABS( (Mdv-i4dvc) /Mdve)>.01 THEN 
Mdv=(Mdv+Mdvc)#.5 

GOTQ 2335 

END IF 

Mdv=(Mdvetdvc)*.5 
Va=FNVvst(Tsteam) 

Yvattdvelg/Ax 

IF Inf=1 THEN 
F2#(9.799~Do~Muf “Hf g) / (Yu 2*KF*(Tsteam-Tuo) ) 
NuxzHo#Do/KF 

Ret="veRhot *D0/Muf 

Nr=Nu/Ret” .5 

END [F 

IF Iov2=2 THEM 


PRINT USING "10X."°" T (Inlet)d Deita-T""” 

PRINT USING "10X.°** OCT ie OCT wh P IE es 

pee SiG -10X 2°00 .0D.2x),.200D.320.2%) 3 Tl .Tivt2-Ti .To-Ti 

PRINT USING SOA Vig Re: by Uo Ho q 


Uw 1e0e8 06 
ees POA. DOA. OCNL SLE. | XN) 4NZ.OD  *ViuwRe1.Hi.Uo.4o.Qp. Vy 
END Lf! 
IF Iov=i THEM 
IF Int=1 THEN 
Pee musGe Wieck. 2.00,2%.2°50.0.2X).2.3DE.1X.Z.00.201X.30.0D)"°:5, Vu. 


.Qo.Vyv.F Nr 


2eoG 
emeetomiG 1ik,oD.e\.2.00.2cX%.2(4D.40E. 2X), 2. 30E.3X.2.00"°:J.¥w.Uo.do.daY 


END TF 

ENO IF 

IF Im=2 THEN 

IF Inf=1 THEN QUTPUT @Nrf:& Nr 
OUTPUT aFilep;Yp.do 

END IF 

IF Im=! THEN 

BESO 


INPUT “OK TO STORE THIS DATA SET (1=Y,92N)2" Oks 
IF Oks=1 THEN 


BUTPUT s@ Lle:3vol.3amo.Vtran.Etp. Emr (0) .Emt(t) emt (2) imi (3) Emr (4). Fm. Tl. 


Te-Phg.Pwater 


3029 
2025 
3030 
3025 
3041) 
2045 
3nsSo 


IF Inr=! THEN OUTPUT aNrf:F Ne 
QUTPUT 8F rlep:Qp.Ho 

ELSE 

ja j= 

607TH (725 

END If 


Baa 


ea 


3055 INPUT “WILL THERE BE ANOTHER RUN (17.02)? Go_on 
3060 Nrun=J 
3065 IF Ge_on<>0 THEN Repeat 
3070 eéLSE 
3075 IF J<Nrun THEN Repeat | 
32080 END IF 
3085S PRINT 
3090) Sl=(Nrun*Sxy-Syv*Sx)/CNrun#Sxs-Sx °2) 
3095 Ac=(Sy-S1*Sx)/Nrun 
3100 IF Ito={ THEN 
3105 PRINT USING “10X.°“Least-Squares Line for Hnu vs g curve:”°”” 
31190 PRINT USING "10X,"" Slope a ed Decal 
3115S PRINT USING "“10X%.°" Intercept = “" .MND.4DE":8c 
3120 END [IF 
3125 BEEP 
3130 INPUT "ENTER PLOT FILE MAME’ .Fplots 
3135 ASSIGN @File4 TU Folots = 
3140 FOR [=! TO Nrun 
3145 ENTER @File4:Qp,Ho 
3150 Xce=LOG<Qp/Ho>) ; 
3155 Yce#LOG(Qp) 
3160 Zx=Zx+Xe 
3165 Zx22Zx2+Xce 2 
3170) Zxy=Zxy+Xer7YXe 
3175 Zy=Zy+Yec 
3180 MEXT I : 
3185 Bb=(NrunwZxy-Zy*Zx)/(Nrun#Zx2-Zx 2) 
3190 Aa=EXP¢<¢Zy-Bb*Zx)/Nrun) 
3195 PRINT 
3200 PRINT USING “10X."°"%Least-sauares line for g = a*delta-T*b”"”” 
3205 PRINT USING “12k. "a ==> 40S 45 
2210- PRINT GUSTING: 12k. “2 -= Sone se ee 
321S IF Ipe=0 THEN 
c290 )«=6ps23.SE+5 
o2e Hop 23919 
3230 END IF 
32a5 IF itce=1 THEN 
3240) =Neps=l.&b+5 
3245 Hoo=7007 
3250 END IF 
3255 Hos=Aa’(1/Bb) ps ((Bb-1)/Bb) 
3260 Enr=Hos/Hop 
3255 PRINT 
3270 PRINT USING “10X.°°*Yalues computed at gq = °",Z.0D0,°° “MH/m 2)3°"" s0os7 ieee 





3275 PRINT USING “t2X.°"°Heat-transter coetfic:ent = °".0DD.DDD.°" (kW/m) 2. eee 

>Hos/1000 

3230 PRINT USING “12X%.”""Enhancement ratio a 188" 6 3D.207 eae 

3225 IF Im=i THEN 

32390 BEEP 

2295 PRINT 

aa PRINT USING "1O0X.°"NOTE: °”,ZZ.°" data runs were stored itn tile” lope 
files 

3 OSes se 

3310 BEEP 

321 oo ee Rat 

3320 PRINT USING “"T0X.°°HOTE: °".ZZ.°" X-Y sairs were stored in olot daca 

ERO GR 6 yee eens 

3225 IF tnt=! TREN 

3330 PRINT USING “164.22.°" pairs of MHr-© are storeqg im Flies. git eee 

3559 END fF 
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ASSIGN 2File TO « 

ASSIGN @Fitei TO = 
ASSIGN 3Frlep TO < 

IF Iso=2 THEN CALL Plor 
IF Iso=3 THEN CALL Label 
IF Iso=4 THEN CALL Lplot 
END 

DEF FMPvst(Tsteam) 

DIM K(38) 


Weiem4e to? | k7/se,20.3/7506/6.1.E9.5 
READ K(*) 
T=(Tsteam+273.15)/647.3 

Sum =) 

FOR N=0 TO 4 
Sum=Sumrk (NM) «C1 -T) 7 (N41) 

NEXT N 

Br=Sum/(T#€ 14K 05) CT -T) HK (6) #01 HT) 72) ACTH TIS CK O77) 001 HT) 24K (8) 
Pr=EXP(Br) 

P=22120000Pr 

RETURN P 

FNEND 

DEF FNHFa(T) 
HFg=2477200-2450*« T-10) 

RETURN Hfg 

FNEND 

DES FNMwy( T) 

A=247 .3/¢(T+133.15) 
Mu=2.4E-S*107A 

RETURN Mis 

FNEND 

DEF FNYvstt( Tt) 

P=FNPust(Tt) 

T=1t+273.15 

X=1500/T 

Fl=s{/(1+Te) ,£-4) 
F2is(1=-EXP(-X))72.5#EXP CX) /X> 5S 
B=.0015*F 1-.000942<F2-.00048382=xX 
K22*P/(4651.52<T) 
YaCt+Ct+2*BeK)” .5)/K 

RETURN V 

FNEND 

DEF FNCow<T) 
Cow24,211/20858-T#(2.26826E-3-7*(4.4226j(E-S+2.71428E-7T)) 
RETURN Cow1000 

FNEND 

DEF FNRhow<T) 

Ro2999 .$2946+T#¢ .01269-T#(5.482513E-3-T#1 .234147E-5)) 
RETURN Ro 

FNEND 

DEF FNPru<T) 

Pru=r Cow T>*FNMuwt( T) /FiiKw¢ T) 
RETURN Pry 

FNEND 

DEF FNKw(T) 

m=e1+273.15)/273.} 

Kus- .92247+X#62 .38395-X"C1 .9007-K#¢ .52577-.07344*K))) 
RETURN Kw 

FNEND 

DEF -NTanh(X) 

PsEKP(X) 


DATA -7.691234564.-26.08023696.-168. 1706546 .64 .23285504.-118.3646225 


foo 


3645 
3650 
3559 
3660 


3735 
3730 


JeEXP(-X) 
Tann=¢P-9) /(P +t}? 
RETURN Tann 

rFNEND 

DEF FNTvsvuiV¥) 

COlieyGey (6 C7 

T=C(0) 

FOR I=! TO 7 
T2=T+C( I) #V°I 

NEXT [ 

RETURN T 

FNEND 

DEF FNHF<(T) 
Af=T#(4,203849-7T+(5.38132E-4-T*4.55!60317E-5)) 
RETURN Hf#1000 

FNEND 

DEr FNGrad(T) 
Grad=37.3853+.1043884T 
RETURN Grad 

FNEND 

DEF FNTvsp(P) 

Tu=110 

T1=10 

Taz=(Tu+Tl>*.5 
Pe=FNPvst( Ta) 

IF ABS((P-Pc)/P)>.0001 THEN 
IF Pce<P THEN Tl*Ta 

IF Pce>P THEN TuzTa 
GOTO 3760 

END iF 

RETURN Ta 

rNEDMD 

DEF FNPvsv(¥) 
P=8133.5133+2.23605/E +40 
RETURN P 

FNEND 
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